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concluded  that  the  important  conditions  to  control  are  substrate  tempera- 
ture of  deposition,  oxygen-to-hydride  ratio,  hydride  input,  silane-to-phos-J 
phine  ratio,  and  nitrogen  input. 

The  composition  and  qualityfot-passivation  layers  of  commercially; 
available  ICs  were  determined  to  establish  baseline  CVD  conditions.  De- 
tailed background  information  based  on  extensive  literature  surveys  is 
provided  on  the  state-of-therart  of  passivation, of  ICs  in  the  industry, 
on  failure  mechanisms  in  glass-passivated  ICs,  and  on  characteristics  of 
equipment  for  deposition  of -passivation  layers. 

The  fundamental  properties  of  CVD  PSG  films  were  determined  and  cor- 
related with  mechanisms  that  can  cause  electrical  degradation  or  cata- 
strophic failure- of  ICs  with  inadequate  CVD  passivation;  specifically, 
failure  mechanisms  of  glass-passivated  devices  were  induced  on  test  devicesi 
using  CVD  films  deposited  by  baseline  conditions.  Process  conditions  were 
established  for  achieving  low  stress  films,  and  a new  technique  was  devised 
for  achieving  further  reduction  in  intrinsic  tensile  stress  of  CVD  films. 
The  effects  of  temperature  and  humidity  on  the  bulk  and  surface  electrical 
conductivity , of  Si02  .and  PSG  films  were  determined  and  their  implications 
to  IC  glass  passivation  were  explored  in  detail.  Devices  with  similar  test 
patterns,  fabricated  ;by  improved  CVD  conditions,  were  shown  to  have  super- 
ior electrical  stability,  better  ability  to  withstand  thermal  stresses, 
and  lower  catastrophic  failure  rates  than  baseline  devices  prepared  by  un- 
suitable CVD  conditions,  The  comparison  included  structural  and  electrical] 
tests,  and  stability  of  parameters  during  accelerated  stress  tests.  A 
number  of  test  patterns  were  used,  each  selected  because  of  high  sensiti- 
vity to  the  failure  mechanism  being  investigated.  Studies  of  corrosion 
of  glass-passivated  aluminum  metallization  under  accelerated  stress  con- 
ditions of  bias,  temperature,  and  humidity  demonstrated  that  devices  were 
especially  susceptible  to  failure  due  to  cathodic  aluminum  corrosion  when, 
simultaneously,  cracks  existed  in  the  passivation  layer  and  the  phosphorus 
content  of  the  PSG  film  was  too  high  (8  wt  % phosphorus). 

Excessively  low  phosphorus  content  in  CVD  films  was  correlated  with 
excessive  intrinsic  tensile  stress  leading  to  crack  formation.  CVD  SiC>2 
films  containing  no  phosphorus  were  shown  to  be  electrically,  inferior  to 
PSG  films  containing  a small  percentage  of  phosphorus  (e.g.,  4 wt  % phos- 
phorus). Specific  recommendations  have  been  made  for  processing  condi- 
tions for  passivation  of  aluminum-metallized  ICs  with  a PSG  layer  which  is 
free  of  cracks  and  pinholes.  Practical  techniques  for  low- temperature 
densification  of  CVD  PSG  films  were  developed,  and  their  compatibility 
with  electrical  properties  of  bipolar  and  MOS  ICs  was  demonstrated. 

Analytical  process  and  materials  control  methods  were  examined,  and 
refinements  were  made  to  seven  of  them,  including  etch  rate,  stress,  x-ray 
fluorescence,  and  sheet  resistance  techniques.  New  methods  were  devised 
for  analysis  of  overcoats  on  single  IC  chips. 

A number  of  specific  recommendations  have  been  made  on  programs  for 
future  study.  Data  and  conclusions  derived  from  program  studies  have  been 
disseminated  in  technical  presentations  and  published  papers. 

The  results  of  this  program  have  significantly  increased  under- 
standing of  material  and  processing  requirements  for  glass  passivation  of 
ICs;  application  of  the  findings  to  production  of  ICs  will  result  in  less 
lot-to-lot  variation  and  significant  improvement  in  device  reliability. 
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SUMMARY 


This  report  describes  in  detail  the  results  of  a program  of  materials 
studies  to  increase  the  understanding  of  the  requirements  for  successful 
glass  passivation  by  chemical  vapor  deposition  (CVD)  of  metallized  silicon 
planar  integrated  circuits  (ICs)  to  improve  both  IC  performance  and  reli- 
ability. The  effects  of  various  conditions  for  low-temperature  (350°  to 
450°C)  chemical  vapor  deposition  of  phosphosilicate  glass  (PSG)  layers  by 
oxidation  of  silane  plus  phosphine  correlated  with  the  physical  and  chemical 
properties  of  deposited  PSG  films.  It  was  concluded  that  the  important 
conditions  to  control  are  substrate  temperature  of  deposition,  oxygen-to- 
hydride  ratio,  hydride  input,  silane-to-phosphine  ratio,  and  nitrogen  input. 

The  compositicn  and  quality  of  passivation  layers  on  several  type  of 
commercially  available  ICs  was  determined,  and  baseline  CVD  conditions  were 
established  to  produce  a range  of  glass  compositions  which  bracketed  those 
found  in  commercial  ICs  manufactured  in  the  last  several  years. 

Detailed  background  information  is  provided  on  the  state-of-the-art  of 
passivation  of  ICs  in  the  industry,  on  failure  mechanisms  in  glass-passivated 
ICs,  and  on  characteristics  of  equipment  for  deposition  of  passivation  layers. 

The  fundamental  properties  of  CVD  PSG  films  were  determined,  and  were 
correlated  with  mechanisms  that  can  cause  electrical  degradation  or  catas- 
trophic failure  of  ICs  with  inadequate  CVD  passivation.  Excessive  tensile 
stress  in  deposited  glasses  was  correlated  with  crack  formation  over  aluminum 
metallization.  Process  conditions  were  established  for  achieving  low  stress 
films,  and  a new  technique  was  demonstrated  for  achieving  further  reduction 
in  intrinsic  tensile  stress  of  CVD  films. 

The  effects  of  temperature  and  humidity  on  the  bulk  and  surface  electri- 
cal conductivity  of  SiC>2  and  PSG  films  were  determined.  The  surface  conduc- 
tivity of  CVD  films  in  moist  ambients  was  shown  to  be  orders  of  magnitude 
greater  than  the  sheet  conductivity  through  the  bulk  of  the  CVD  films.  Thus, 
in  moist  ambients,  leakage  currents  between  adjacent  metal  lines  in  CVD  pas- 
sivated devices  with  cracks  in  the  glass  are  very  much  higher  than  in  devices 
of  similar  geometry,  but  without  cracks. 
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Specific  failure  mechanisms  of  glass-passivated  devices  were  demonstrated 
on  test  devices  using  CVD  films  deposited  by  baseline  conditions.  Test  de- 
vices were  also  fabricated  using  improved  CVD  processing  conditions;  these 
were  compared  with  similar  test  devices  prepared  using  baseline  CVD  passiva- 
tion conditions.  Devices  with  similar  test  patterns,  fabricated  by  improved 
CVD  conditions,  were  shown  to  have  superior  electrical  stability,  better  ability 
to  withstand  thermal  stresses,  and  lower  catastrophic  failure  rates  tuan  base- 
line devices  prepared  under  unsuitable  CVD  conditions.  The  comparison  in- 
cluded structural  and  electrical  tests,  and  stability  of  parameters  during 
accelerated  stress  tests.  A number  of  test  patterns  were  used  that  had  been 
selected  because  of  high  sensitivity  to  the  failure  mechanism  being  investi- 
gated. 

Studies  of  corrosion  of  glass-passivated  aluminum  metallization  were  made 
under  accelerated  stress  conditions  of  bias,  temperature,  and  humidity.  It 
was  shown  that  devices  were  especially  susceptible  to  failure  due  to  cathodic 
aluminum  corrosion  when,  simultaneously,  cracks  existed  in  the  passivation 
layer  and  the  phosphorus  content  of  the  PSG  film  was  too  high  (8%  phosphorus 
by  weight) . 

Excessively  low  phosphorus  content  in  CVD  films  (less  than  1%  phosphorus 
by  weight)  was  correlated  with  excessive  intrinsic  tensile  stress  which  led 
to  crack  formation.  CVD  SiC>2  films  containing  no  phosphorus  were  shown  to  be 
electrically  inferior  to  PSG  films  containing  a small  percentage  of  phosphorus 
(for  example,  4%  phosphorus  by  weight) . 

Specific  recommendations  have  been  made  for  processing  conditions  for 
passivation  of  aluminum-metallized  ICs  with  a PSG  layer  that  is  free  of  cracks 
and  pinholes. 

Practical  techniques  for  low-temperature  densification  of  CVD  PSG  films 
were  developed,  and  the  compatibility  of  such  techniques  with  bipolar  and 
MOS  integrated  circuit  electrical  properties  was  demonstrated. 

Analytical  process  and  materials  control  methods  were  examined,  and  re- 
finements were  made  in  a number  of  procedures,  including  etch  rate,  stress, 
x-ray  fluorescence,  and  sheet  resistance  techniques.  New  methods  were  devised 
for  analysis  of  overcoats  on  single  IC  chips. 

A number  of  specific  recommendations  have  been  made  on  programs  for  future 
study.  Included  are  programs  to  implement  in  production  the  findings  of  this 
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program,  to  improve  the  passivation  of  gold-metallized  ICs,  and  to  provide 
low-temperature  passivation  layers  that  are  effective  moisture  and  alkali  ion 
barriers. 

Data  and  conclusions  derived  from  program  studies  have  been  disseminated 
in  two  invited  technical  presentations  and  two  published  papers;  several  ad- 
ditional papers  are  being  prepared  for  submission  for  publication. 

We  believe  that  the  results  of  this  program  have  significantly  increased 
understanding  of  material  and  processing  requirements  for  glass  passivation 
of  ICs,  and  that  application  of  the  findings  of  this  program  to  production  of 
ICs  will  result  in  less  lot-to-lot  variation  and  significant  improvement  in 
the  reliability  of  devices.  For  the  benefit  of  the  busy  reader  we  have  listed 
below  the  major  accomplishments  under  this  contract. 

MAJOR  ACCOMPLISHMENTS 

1.  Established  effects  of  ten  critical  CVD  conditions  on  PSG  properties. 

2.  Determined  the  effect  of  temperature  and  humidity  on  bulk  and  surface 
conductivity  of  PSG  films. 

3.  Elucidated  cathodic  corrosion  mechanism  of  glassed  aluminum  conductor 
lines . 

4.  Demonstrated  interrelationship  of  intrinsic  stress  and  cracking  of  CVD 
films. 

5.  Achieved  fundamental  understanding  of  both  materials  and  processing 
aspects  of  CVD  glass  passivation  for  ICs. 

6.  Invented  new  technique  for  lowering  intrinsic  stress  in  CVD  films. 

7.  Innovated  practical  low-temperature  catalytic  densification  process  for 
PSG  overcoats. 

8.  Examined  and  compared  analytical  process  and  materials  control  methods. 

9.  Refined  several  control  methods  based  on:  etch  rate ; stress;  x-ray 

fluorescence;  sheet  resistance. 

10.  Devised  new  micromethods  for  analysis  of  overcoats  on  single  IC  pellets. 

11.  Analyzed  and  compared  overcoats  on  commercial  IC  products. 

12.  Defined  and  classified  dielectric-related  failure  modes  of  ICs, 

13.  Categorized  commercial  CVD  equipment  on  basis  of  operating  principles. 

14.  Surveyed  in  depth  current  passivation  technology  for  all  silicon  devices. 

15.  Disseminated  results  in  2 symposium  presentations,  2 published  papers, 

2 submitted  papers,  and  several  technical  reports  to  be  published. 

16.  Recommended  optimized  processing  conditions  to  achieve  successful  IC 
overcoat  passivation. 
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I.  INTRODUCTION 


A.  BACKGROUND  AND  DEFINITIONS 

The  terms  "glassing"  and  "glass  passivation"  are  commonly  used  to  denote 
the  process  in  which  a glass-like,  amorphous,  inorganic  dielectric  layer  is 
formed  over  the  surface  of  a completed  microcircuit  wafer  for  the  purpose  of 
ambient  protection.  The  sequence  for  glass  passivation  consists  of  deposition 
of  the  dielectric  layer  over  the  entire  surface  of  the  device  wafer  with  com- 
pleted metallization  patterns,  followed  by  photolithographic  delineation  to 
remove  glass  from  the  central  region  of  bonding  pads  and  from  scribe  line  areas, 
Typical  deposited  films  are  0.5  to  2 ym  thick. 

The  majority  of  modem  integrated  circuits  (ICs)  are  metallized  with 
aluminum.  A compatible  glass  passivation  process  must  therefore  be  performed 
under  conditions  where  the  maximum  processing  temperature  is  below  the  Al-Si 
eutectic  temperature  (577°C)  to  avoid  alloying  or  metallization  melting  prob- 
lems. Similar  considerations  hold  for  metallization  systems  involving  gold. 
Chemical  vapor  deposition  (CVD)  of  dielectric  films  at  low  temperature 
(300  to  500°C)  is  ideally  suited  to  fulfill  these  requirements.  Reactive 
sputtering,  rf  sputtering,  and  plasma  deposition  techniques  can  also  be  used 
for  depositing  dielectric  layers,  but  their  use  is  generally  limited  to  certain 
applications,  and  to  devices  that  are  not  degraded  by  these  treatments. 

Superficially  considered,  glass  passivation  may  appear  to  be  a simple 
process.  In  principle  it  is,  but  there  are  several  critical  steps  that  must 
be  recognized  to  ensure  successful  implementation  and  effective  use  with  the 
present-day  sensitive  and  highly  complex  silicon  devices.  Glassing  of  micro- 
circuit  wafers  was  originally  used  to  provide  a mechanical  protection  against 
scratches  of  the  soft  aluminum  interconnect  lines.  Vitreous  silicon  dioxide 
(SiC>2)  prepared  by  CVD  was  first  applied  as  the  passivating  glass,  and  is  still 
being  used  by  a number  of  IC  manufacturers.  However,  to  provide  effective 
protection,  a Si02  film  thickness  incompatible  with  the  aluminum  metallization 
is  required,  and  cracking  of  the  oxide  film  will  result,  with  consequent 
problems  of  device  reliability.  Device  manufacturers  who  have  recognized 
these  shortcomings  have  substituted  more  compatible  lower-stress  films  of 
binary  silicate  glasses,  especially  phosphosilicate  glass  (PSG)  films,  for  the 


more  highly  stressed  SiO^  layers.  However,  before  work  on  this  contract  was 
started,  various  problems  associated  with  this  promising  approach  remained  and 
adversely  affected  the  reliability,  performance,  and  production  yield  of  ICs. 
It  was  clear  that  a systematic  investigation  was  needed  -.o  examine  these  prob- 
lems and  find  suitable  solutions. 


B.  OBJECTIVES  OF  RESEARCH  PROJECT 

The  overall  objective  of  the  program  was  to  gain  an  increased  under- 
standing of  the  material  and  processing  requirements  for  successfully  glass- 
passivating  silicon  planar  metallized  integrated  circuits  to  improve  both 
reliability  and  performance. 

Specific  research  and  development  tasks  have  included  the  following: 

(1)  Refining  of  processing  conditions  for  glassing  of  aluminum-metallized  IC 
wafers  with  PSG  and  Si02  layers,  singly  and  in  combination,  that  are  free  of 
microcracks  and  pinholes,  to  serve  as  mechanical  scratch  protection  and  passi- 
vation coating.  The  process  technology  was  to  be  based  mainly  on  production- 
type  chemical  vapor  deposition  conditions.  A minimum  of  ten  deposition  param- 
eters was  to  be  investigated  systematically  for  optimization.  (2)  Establishing 
a fundamental  understanding  of  the  material  aspects  of  glass  passivation  of 
ICs  including  glass  type,  composition  and  densification  effects,  and  dielectric 
layer  combinations  and  thicknesses  to  provide  defect-free  and  low-stress  glass 
coatings.  (3)  Developing  a fundamental  understanding  of  dielectric-  or 
glassing-related  failure  modes  of  glass-passivated  ICs  by  studying  passivated 
test  wafers  structurally,  chemically,  and  electrically  to  identify  failure 
mechanisms  which  have  been  attributed  to  inadequate  CVD  passivation.  (4)  De- 
vising practical  process  and  materials  control  tests  to  ensure  glass  proper- 
ties within  a realistic  optimum  range. 


C.  ORGANIZATION  OF  REPORT 

Because  of  the  volume  of  the  work  performed  in  the  contract  study  re- 
ported here,  an  effort  has  been  expended  to  make  the  various  sections  of  the 
report  self-explanatory.  The  reader  who  is  interested  only  in  particular 
information  should  find  this  helpful.  Most  of  the  material  presented  in  the 
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various  sections  is  interrelated.  However,  the  separate  treatment  of  the 
subject  matter  in  self-contained  sections  according  to  specific  disciplines 
should  make  the  report  easier  to  read  and  utilize. 

The  main  sections  consist  of  (1)  a discussion  of  passivation  materials 
and  their  functions,  and  processes  to  prepare  them;  (2)  experimental  results 
of  CVD  parameters,  and  parameter  effects  on  deposition  rate  and  film  composi- 
tion; (3)  film  stress  as  a function  of  CVD  conditions  and  post-deposition 
treatments;  (4)  film  densif ication  studies  at  low  temperature;  (5)  electrical 
measurements  of  bulk,  surface,  and  interface  dielectric  properties,  and  a 
study  of  passivation  layer-related  IC  failure  mechanisms;  (6)  structural  and 
electrical  measurements  of  induced  aluminum  corrosion;  and  (7)  presentation 
of  experimental  results  on  development  work  for  analytical  process  control 
methods.  Additional  material  has  been  provided  in  the  appendices. 

In  some  cases,  for  the  sake  of  completeness  or  to  provide  desirable  back- 
ground information,  this  report  contains  results  generated  during  RCA-supported 
research  programs  of  thin-film  dielectrics,  CVD  deposition  systems,  analytical 
method  development,  silicon  device  failure  mechanisms,  and  extensive  litera- 
ture surveys  related  to  these  topics. 

References  to  the  primary  literature  are  given  as  footnotes  in  abbreviated 
form  to  aid  the  microform  reader  and  as  a list,  with  titles  of  papers,  begin- 
ning on  page  161.  References  in  the  appendices,  again,  are  given  as  footnotes 
where  appropriate  and  are  listed  at  the  end  of  each  appendix,  if  extensive. 
Appendices  A and  E,  having  been  previously  published,  are  included  herein  as 
reprints  so  that  the  references  appear  only  at  the  end  of  the  text. 


3 


II.  TYPES,  FUNCTIONS,  AND  PREPARATION  OF 
PASSIVATION  COATINGS 


A.  TYPES  OF  PASSIVATION  COATINGS 

Passivation  coatings  are  widely  used  to  improve  the  performance  and  re- 
liability of  silicon  devices  of  various  types,  ranging  from  discrete  mesa-type 
diodes  and  transistors  to  complex  planar  integrated  circuits,  and  including 
both  hermetic  and  plastic-encapsulated  devices. 

Passivation  coatings  may  be  classified  as  primary  if  they  are  directly  in 
contact  with  the  single-crystal  silicon  from  which  the  device  is  fabricated, 
and  as  secondary  if  they  are  separated  from  the  device  by  an  underlying  dielec- 
tric layer.  The  primary  passivation  layer  provides  good  dielectric  properties, 
low  surface  recombination  velocity,  controlled  immobile  charge  density,  and 
device  stability  at  elevated  temperatures  under  bias  or  operating  conditions. 
The  secondary  passivation  layer  provides  additional  stability  in  various 
ambients  and  serves  as  getter,  impurity  barrier,  or  mechanical  shield. 

The  comprehensive  survey  paper  presented  in  Appendix  A reviews  the  entire 
field  of  silicon  device  passivation  and  serves  as  a source  of  general  back- 
ground material  in  the  present  work  [1],  It  surveys  primary  and  secondary 
passivation  materials  and  the  techniques  used  to  obtain  them,  including  thermal 
oxidation,  high-temperature  diffusion,  low-temperature  deposition  of  SiC>2  and 
binary  silicates,  deposition  of  alkali  barrier- type  layers,  and  deposition  of 
glass  frit  followed  by  fusion.  The  effect  of  passivation  layers  on  silicon 
device  reliability  is  discussed,  and  the  interrelationship  between  the  tech- 
nique used  for  final  encapsulation,  the  passivation  layers  used,  and  device 
reliability  is  indicated.  Emphasis  is  given  to  those  processes  and  materials 
that  are  widely  used  to  fabricate  semiconductor  devices  in  production  facili- 
ties, rather  than  to  processes  used  only  to  fabricate  exploratory  developmental 
devices. 

The  main  portion  of  this  technical  report  is  concerned  specifically  with 
the  application  of  chemical  vapor  deposition  (CVD)  for  producing  passivating 


1.  G.  L.  Schnable,  W.  Kern,  and  R.  B.  Comizzoli,  J.  Electrochem.  Soc.  122, 
1092  (1975) ; see  Appendix  A. 


and  protective  layers  suitable  for  overcoating  aluminum-metallized  silicon 
semiconductor  devices  in  finished  wafer  form.  Discussions  are  confined  to 
the  two  materials  of  major  importance  in  overcoat  passivation,  i.e.,  SiC^  and 
PSG  (phosphosilicate  glass)  deposited  by  thermally  activated  oxidation  of  the 
hydrides.  These  materials  can  be  deposited  in  high  quality  at  the  low  tempera- 
ture prerequisite  with  aluminum-metallized  silicon  devices.  Their  functional 
requirements  are  summarized  in  Table  1. 

Table  1.  Functional  Requirements  of  IC 
Passivation  Overcoat  Layers 

No,  Functional  Requirement 

1 Mechanical  and  chemical  protection  for 
metallization  interconnects 

2 Diffusion  barrier  or  gettering  agent  for 
ionic  contaminants  and  other  external  im- 
purities 

3 Good,  adherence  to  metallization  and  primary 
passivating  layers 

4 Low  stress  from  all  causes 
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5 Good  chemical  and  physical  stability 

6 Low  defect  density 

7 Inertness  toward  metallization  and  other 

structural  device  components 

8 High  dielectric  strength  and  electrical 
resistance 

9 Low  dissipation  factor 

10  Low  mobile  or  trapped  charge  density 

11  Isolation  of  electrical  charge  effects  ex- 
ternal to  semiconductor 

12  Sufficiently  matching  thermal  expansion 
with  device  component  materials 

13  Reduce  or  maintain  semiconductor  surface 
state  density 

14  Moderately  high  dielectric  constant  to  con- 
tain Junction  fringing  field 

15  Ease  of  preparation  and  subsequent  process- 
ing 

16  Ease  of  formability  into  patterns  by  photo- 
lithography and  etching 

17  Compatibility  with  plastic  encapsulating 
materials 
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B.  USES  AND  BENEFITS  OF  GLASS  PASSIVATION  OVERCOATS 


Primarily,  passivating  overcoats  provide  protection  against  scratching  of 
the  vulnerable  interconnect  metallization  during  chip  handlin'/,  ensure  immunity 
to  effects  of  loose  conductive  particles  in  hermetic  packages,  improve  device 
stability  in  various  ambients,  lower  susceptibility  to  metal  corrosion  and 
electromigration,  and  reduce  effects  of  ion  motion  on  the  device  surface. 

PSG  has,  in  addition,  alkali  gettering  capability  which  is  of  great  importance 
in  passivation  and  stabilization  of  devices,  and  exhibits  less  .tress  (tensile) 
than  layers  of  CVD  SiO^.  The  effectiveness  of  PSG  for  gettering  alkali  ions 
is  particularly  advantageous  for  MOS  ICs  because  of  their  increased  surface 
sensitivity  as  compared  with  that  of  digital  bipolar  ICs. 

Alkali  gettering  capability  is  also  of  great  importance  for  devices  en- 
closed in  ceramic  packages  that  are  sealed  by  fusion  of  glass  frits.  These 
frits  usually  contain  large  amounts  of  sodium  which  is  emitted  during  fusion 
into  the  ambient  of  the  package  enclosure.  Encapsulating  plastic  formulations 
are  also  a source  of  ions  and  other  impurities  that  must  be  prevented  from 
penetrating  into  the  sensitive  device  regions.  A summary  of  benefits  and 
advantages  achieved  by  IC  glass  passivation  by  CVD  overcoat  layers  for  the 
vast  majority  of  IC  types  is  presented  in  Table  2.  It  is  clear  from  these 
considerations  that  passivating  overcoat  layers  constitute  an  important  step 
in  manufacturing  ICs  of  high  reliability  and  improved  performance. 

C.  CHEMICAL  VAPOR  DEPOSITION 

Chemical  vapor  deposition  is  a process  by  which  gases  or  vapors  are  chemi- 
cally reacted,  leading  to  formation  of  a solid-phase  reaction  product  on  a sub- 
strate surface.  Activation  of  the  chemical  reaction  is  most  commonly  effected 
by  heating  of  the  substrate.  CVD  is  employed  extensively  in  semiconductor 
device  technology,  for  example,  in  the  epitaxial  deposition  of  single-crystal 
semiconductors,  silicon  nitride  impurity-barrier  films,  oxide  and  nitride  di- 
electric films,  doped  oxide  layers  as  diffusion  sources,  silicate  glasses  for 
passivation,  and,  in  some  instances,  metal  films  as  conductor  elements. 
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Table  2.  Benefits  of  IC  Glass  Passivation 
by  CVD  Overcoat  Layers 


No.  Benefit 

1 Gettering  or  immobilizing  of  harmful  alkali 
ions  (PSG) 

2 Decreasing  instabilities  due  to  surface 
ionic  drifts  or  horizontal  surface-ion 
migration 

. 3 Protaction  against  metal  corrosion 

'4  Suppression  of  electromigration 

susceptibility 

5 Suppression  of  defect  formation  in  aluminum 
metallization 

6 Reducing  penetration  of  moisture,  gases, 
and  chemical  species  from  the  outside, 
including  components  from  the  plastic 
encapsulating  material  forming  the  package 

7 Quenching  of  fast  states  to  lower  leakage 
currents 

8 Improved  protection  against  high-energy 
electromagnetic  radiation 

9 Mechanical  scratch  protection  during  wafer 
and  dice  processing 

10  Prevention  of  shorts  from  loose  conducting 
particles  in  hermetic  packages 

11  Added  reliability  safety-margin  for  hermetic 
ICs  developing  leaks 

12  Compatibility  with  many  types  or  chin-film 
resistors  used  on  ICs 

Ocher  benefits  including  general  increase 
in  device  reliability  and  yield  due  to 
decreased  failure  rate  and  susceptibility 
to  electrical  instabilities 
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Theoretical  and  practical  aspects  of  chemical  vapor  deposition  processes  have 
been  treated  extensively  in  several  recent  reviews  [2-11], 

The  advantages  and  disadvantages  of  the  GVD  technique  for  device  glassing 
are  listed  in  Table  3.  A survey  of  CVD  reactor  systems  for  depositing  passiva- 
tion coatings  is  presented  in  Appendix  B. 

D.  BASIC  CVD  HYDRIDE  REACTIONS 

The  basic  process  for  depositing  SiO^  films  from  silane. and  oxygen  at 
low  temperatures  (250°  to  550°C)  was  reported  in  1967  [12],  The  exact  details 
of  this  thermally  activated,  surface-catalyzed,  heterogeneous  branching- chain 
reaction  are  complex,  but  the  overall  reaction  can  be  expressed  as 

Si'ri4(g)  + 202(g)  - Si02(s)  + 2H20(g)  (1) 

but  under  some  circumstances  it  may  proceed  as 


SiH4(g)  + 02(g)  Si02(s)  + 2H2(g)  (2) 

2.  C.  F.  Powell,  J.  H.  Oxley,  and  J.  M.  Blocher,  Jr.,  Eds.,  Vapor  Deposition 
(John  Wiley  & Sons,  New  York,  1966). 

3.  W.  M.  Feist,  S.  R.  Steele,  and  D.  W.  Ready,  in  Physios  of  Thin  Films, 

Vol.  5,  G.  Hass  and  R.  E,  Thun,  Eds.,  (Academic  Press,  New  York  and 
London,  1969) , pp.  237-314. 

4.  D.  S.  Campbell  in  Handbook  of  Thin  Film  Technology,  L.  I.  Maissel  and 
R.  Glang,  Eds.,  (McGraw-Hill  Book  Company,  New  York,  1970),  pp.  5-1  to 
5-25. 

5.  J.  A.  Amick  and  W.  Kern,  in  Chemical  Vapor  Deposition,  J.  M.  Blocher,  Jr., 
and  J.  C.  Withers,  Eds.  Second  Intn'l  Conf.,  The  Electrochem.  Soc., 

New  York  (1970) , pp.  551-570. 

6.  T.  L.  Chu,  J.  Vac,  Sci.  and  Technol.  25  (1970). 

7.  RCA  Review,  Special  Issue  on  Chemical  Vapor  r’*  se  Deposition  of  Electronic 
Materials,  RCA  Review  31,  No.  4 (1970). 

8.  E.  L.  MacKenna,  Proc.  1971  Semicond./IC  Proc.  and  Prod,  Conf.,  pp.  71-83, 
Ind.  and  Sci.  Conf.  Mtg,,  Chicago,  111.  (1971). 

9.  Chemical  Vapor  Deposition  (International  Conferences):  J.  M.  Blocher,  Jr., 

and  J.  C.  Withers,  Eds.  - Second  Intn'l  Conf.,  The  Electrochem.  Soc,,  Inc., 
New  York  (1970);  F.  A.  Glaski,  Ed.  - T^vd  Intn'l  Conf.,  The  American 
Nuclear  Soc.,  Hinsdale,  111.  (1972);  G.  F.  Wakefield  and  J.  M.  Blocher, 

Jr.,  Eds.  - Fourth  Intn'l  Conf,,  The  Electrochem.  Soc.,  Inc.,  Princeton, 
N.J,  (1973). 

10.  T.  L.  Chu  and  R.  K,  Schmeltzer,  J.  Vac.  Sci.  Technol.  10,  1 (1973). 

11.  J.  J.  Tietjen,  in  Ann.  Rev.  of  Materials  Science,  Vol.  3 (1973),  R,  A. 
Huggins,  R.  H.  Bube,  and  W.  Roberts,  Eds.,  (publ.  by  Annual  Reviews), 
pp.  317-326. 

12.  N.  Goldsmith  and  W.  Kern,  RCA  Review  28,  153  (1967). 
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Table  3.  Advantages  and  Disadvantages  of 
CVD  Techniques  for  Preparing 
Passivation  Overcoat  Layers 


Advantages 


Low  deposition  temperature 

High  chemical  purity  of  deposited  layers 

Wide  choice  of  compositions 

Ease  of  preparing  a variety  of  layered 
structures 

Desirable  physical  and  chemical  film 
properties 

Ease  of  thickness  control 

Good  uniformity  of  film  thickness  and 
composition 

Good  adherence  to  oxides  and  aluminum 

High-resolution  patterns  can  be  readily 
formed  in  layers  by  photolithography 

Economical  and  practicable  on  a production 
scale 

Process  can  be  automated 


Disadvantages 

Particulate  impurities  from  the  reaction 
must  be  minimized 

Toxicity  of  reactants  requires  safety 
measures 

Accurate  control  of  gas  flows  needed 


The  reaction  favored  depends  strongly  on  deposition  temperature  and  silane 
concentration  [12-16],  and  probably  also  on  the  oxygen-to-hydride  ratio  and 
variations  in  reactor  geometry. 


13.  H.  J.  Emeleus  and  K,  Stewart,  J.  Chem.  Soc,  (London),  Part  I:  1182  (1935). 

14.  T.  L.  Chu,  J.  R.  Szedon,  and  G.  A.  Gruber,  Trans.  Met.  Soc.  AIME  242, 

532  (1968). 

15.  K.  Strater,  RCA  Review  29,  618  (1968). 

16.  B.  J.  Baliga  and  S.  K.  Ghandhi,  J.  Appl.  Phys.  44,  990  (1973). 
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Phosphorus  can  be  incorporated  into  the  oxide  layers  as  an  oxide  of 
phosphorus  by  the  reaction  of  phosphine  with  oxygen: 

2PH3(g)  + 402(g)  ->  P205(s)  + 3H20(g)  (3) 

forming  phosphosilicates  [16-26].  Specific  effects  of  CVD  parameters  on  the 
reaction  chemistry  are  discussed  in  Section  III. 

E.  COMPATIBILITY  OF  DEPOSITION  TEMPERATURE  WITH  METALLIZATION 

The  theoretical  maximum  temperature  which  can  be  used  in  processing  de- 
vices metallized  with  aluminum  is  limited  by  the  melting  point  of  the  eutectic 
formed  between  silicon  and  aluminum  577°C).  In  practice,  however,  the  maxi- 
mum temperature  during  glass  deposition  is  held  below  500°C  because  solid-state 
reactions  between  aluminum  and  silicon  begin  to  exert  degrading  effects  in 
many  sensitive  devices  at  approximately  500°C.  Some  reaction  of  aluminum  with 
Si02  or  PSG  can  be  detected  in  certain  devices  at  temperatures  as  low  as  400°C, 
forming, a thin  intermediate  layer  of  aluminosilicate,  but  normally  this  pre- 
sents no  serious  problems  if  proper  etching  techniques  are  used  in  delineation 
of  the  glass  layer  to  expose  the  bonding  pads  and  scribe  lines. 

Problems  associated  with  corrosion,  edge  effects,  stress,  and  expansion 
mismatches  between  aluminum  and  the  passivation  overcoats  have  been  discussed 
in  Ref.  1.  An  up-to-date  bibliography  of  many  other  related  aspects  of  alumi- 
num and  other  metallization  for  silicon  devices  became  available  recently  [27]. 
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E,  L.  Kern,  Eds.,  (The  Electrochem.  Soc.,  New  York,  1969),  pp.  469-480. 
T.  Tokuyama,  T.  Miyazaki,  and  M.  Horiuchi,  in  Thin  Film  Dielectrics  s 

F.  Vratny,  Ed.,  (The  Electrochem.  Soc.,  New  York,  1969),  pp.  297-326. 


Metallization  Materials  and  Techniques  for  Silicon  Devices , Monograph  ill. 
Thin  Film  Division,  American  Vacuum  Society  (1974). 


F.  LAYER  COMBINATIONS 

Combinations  of  PSG  and  SiC^  layers  can  offer  distinct  advantages  over 
any  one  single  layer.  Structures  consisting  of  Si02  over  PSG,  or  of 
Si02/PSG/Si02»  can  be  readily  prepared  by  CVD  techniques,  often  in  one  con- 
tinuous operation,  simply  by  regulating  the  hydride  input  in  the  gas  stream  [22], 
A thin  (1000-8)  CVD  Si02  top  layer  over  the  phosphosilicate  main  layer  of  0.6- 
to  1.5-pm  thickness  is  desirable  for  improved  photoresist  adherence  and  conse- 
quently improved  pattern  etching  definition,  unless  organo-silane  adhesion- 
promoting  agents  are  used. 


G.  DENSIFICATION  TREATMENTS 

Heat  treatments  of  CVD  layers  under  conditions  compatible  with  the  tem- 
perature limitation  of  the  metallized  devices  can  improve  the  quality  of  the 
passivation  overcoat  [28].  Techniques  to  achieve  this  with  PSG  and  SiC^ 
overcoats,  and  their  evaluation  by  etch  rate  analytical  techniques  [29],  are 
presented  separately  in  a subsequent  section. 

H.  GLASS ING-RELATED  FAILURE  MECHANISMS 

Failure  mechanisms  that  are  related  to  the  dielectric  or  to  glass  over- 
coating of  metallized  ICs  can  be  caused  by  homogeneous  or  localized  structural 
or  compositional  defects  in  the  dielectric,  by  chemical  interactions  of 
dielectric  with  metallization,  or  by  ionic  or  electronic  charge  motion  in 
the  dielectric. 

Many  of  these  defects  arise  from  improper  processing  or  from  inherent 
mutual  incompatibility  of  the  films  with  the  metallization.  It  is  important 
that  they  be  detected  and  identified  so  that  steps  can  be  taken  to  eliminate 
them.  A discussion  of  each  of  these  failure  modes  is  presented  in  Appendix  C. 


28.  W.  Kern,  J.  Electrochem.  Soc.  116,  251C  (Abstract)  (1969). 

29.  W.  Kern,  RCA  Review  29,  557  (1968). 


i i 1 1'iihi  ii  i Ill 


III.  EFFECTS  OF  CVD  PARAMETERS  ON  FILM 
GROWTH  AND  PROPERTIES 


A.  SUMMARY  OF  CRITICAL  FACTORS 

The  exact  conditions  used  in  the  CVD  process  for  SiO^  and  PSG  films  can 
critically  affect  important  film  properties.  Primary  CVD  parameters  that  affect 
deposited  film  properties,  and  must  therefore  be  carefully  optimized  and  con- 
trolled, include  the  following,  listed  in  their  approximate  order  of  importance: 

(1)  Substrate  temperature  of  deposition 

(2)  Oxygen-to-hydride  ratio 

(3)  Hydride  flow  rate 

(4)  Silane-to-phosphine  ratio 

(5)  Nitrogen  flow  rate 

(6)  Geometry  of  reaction  chamber  and  gas  inlet/outlet  configurations 

(7)  Wall  temperature  of  reaction  chamber  or  gas  disperser 

(8)  Cleanliness  of  CVD  system  and  purity  of  gases 

(9)  Nature  and  cleanliness  of  substrate  surface 

(10)  Surface  topography  of  substrate 


B.  EFFECTS  OF  CVD  CONDITIONS 

The  effects  of  these  factors  on  the  film  deposition  rate,  the  film  uni- 
formity, and  the  film  composition  (in  the  case  of  PSG)  are  discussed  in  this 
section  in  some  detail,  and  are  illustrated  with  experimental  results  obtained 
during  this  investigation.  Experimental  studies  of  the  effecr.s  of  important 
CVD  parameters  on  stress,  density,  electrical  conductance,  dielectric  proper- 
ties, and  other  film  properties  will  be  discussed  in  subsequent  sections. 

These  film  properties  will  be  examined  before  and  after  various  kinds  of 
treatments  and  tests  following  the  film  deposition. 





C.  EXPERIMENTAL  DATA,  RESULTS,  AND  DISCUSSION 


1.  Gases,  Equipment,  and  Methods 

Semiconductor-grade  3.3  vol  % SiH^  and  electronic-grade  1.0  vol  % PH^, 
both  in  ultra-high-purity  N^,  were  used  in  this  work.  Several  premixed  hydride 
compositions  in  nitrogen  were  also  used  in  which  the  ratios  of  SiH^tPH^  were  6, 
12,  23,  and  60:1,  respectively.  The  oxidant  was  of  99.9%  purity,  and  the 
diluent  was  of  99.998%  purity,  both  filtered  through  submicron  filters. 

The  single-rotation  vertical  CVD  reactor  described  in  Appendix  D was  used 
with  the  glass  deposition  chamber,  unless  otherwise  noted.  The  hydrides  and 
N2  were  introduced  through  the  center  inlet  at  the  top  of  the  chamber  after 
having  passed  through  a terminal  submicron  large-area  filter.  The  0^  was  added 
to  this  gas  stream  before  it  entered  the  deposition  chamber.  Surface  tempera- 
tures were  measured  with  bimetallic-  and  thermocouple-type  surface  thermometers. 
Other  details  on  deposition  technology  were  similar  to  those  reported  in  pre- 
vious papers  [22-24], 

A variety  of  substrate  materials  was  used  for  film  deposition,  but  most  of 
the  work  reported  in  this  section  was  carried  out  with  polished  and  chemically 
cleaned  (100) -oriented  single-crystal  silicon  slices  of  5-cm  diameter  and  0.3-mm 
thickness. 

Film  thicknesses  were  measured  by  interferometric  and  profilometric  tech- 
niques. The  PSG  composition  was  routinely  analyzed  by  etch  rate  measurements 
after  densification  of  the  films,  and  by  x-ray  fluorescence  methods,  which  were 
both  calibrated  by  wet  chemical  analysis.  These  methods,  and  the  calibration 
graphs  used,  are  described  in  Section  VIII  under  analytical  process  control 
methods. 

2.  Effects  of  Temperature  and  Oxygen-to-Hyaride  Ratio 

The  effects  of  substrate  temperature  of  deposition  and  C^thydride  ratio 
are  closely  interrelated  and  are  therefore  best  considered  in  the  same  context 
for  both  Si02  and  PSG  films.  The  effect*  on  the  deposition  rate  of  SK^  and 
PSG  are  similar,  and  the  composition  of  PSG  is  strongly  dependent  on  both  of 
these  parameters. 
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We  have  previously  shown  [12]  that  SiH^  diluted  with  begins  to  form 
Si02  films  at  a temperature  of  about  240°C  if  the  02:SiH^  ratio  is  in  the  range 
of  3:1.  The  rate  of  film  growth  at  constant  SiH^  input  increases  rapidly  as 
the  substrate  temperature  is  increased  to  310°C.  Further  temperature  increase 
to  450°C  results  in  a very  gradual  increase  in  deposition  rate.  To  attain  a 
linear  increase  in  the  maximum  deposition  rate  with  temperature,  the  C^iSiH^ 
ratio  must  be  increased  as  the  temperature  is  increased.  For  example,  at  475°C, 
an  C^sSiH^  ratio  of  at  least  14:1  is  required  to  achieve  this.  Larger  ratios 
of  up  to  33:1  have  no  effect,  but  ratios  beyond  this  limit  inhibit  the  reaction, 
leading  to  decreased  rates  of  film  growth.  Thus,  a plateau  region  exists  at 
this  temperature  that  is  insensitive  to  the  C^sSiH^  ratio.  Temperatures  lower 
than  475°C  require  a progressively  smaller  02:SiH^  ratio  to  attain  the  plateau 
of  maximum  SiO^  deposition  rate.  At  the  same  time  the  extent  of  the  plateau 
region  narrows  as  the  temperature  is  decreased.  These  observations  have  since 
been  confirmed  by  several  other  workers  [15,16,30]  and  were  found  to  hold 
qualitatively  even  though  different  reactor  geometries  were  used.  The  unusual 
reduction  in  Si02  deposition  rate  at  high  02:SiH^  ratios  has  been  explained  by 
retardation  theory  where  02  acts  as  the  retardant  by  being  adsorbed  on  the  sub- 
strate [16], 

The  corresponding  observations  for  FSG  formation  by  co-oxidation  of  SiH^  + 
PH^  with  02  are  essentially  analogous  to  those  discussed  for  Si02  [16,20,31]. 
Figure  1 shows  plots  of  typical  data  we  obtained  studying  the  effect  of 
02:hydride  ratio  on  the  deposition  rate  of  PSG  at  300°,  350°,  and  450°C.  The 
SiH^PH^  ratio  was  fixed  at  an  intermediate  value  of  20:1,  and  the  total  gas 
flow  rate  was  held  constant  at  11  liters  per  minute.  The  rate  of  PSG  film 
deposition  clearly  depends  on  both  the  02:hydride  ratio  and  the  substrate 
temperature  during  deposition.  The  maximum  deposition  rate  obtainable  at  a 
given  temperature  is  a function  of  the  02:hydride  ratio.  As  the  temperature  is 
increased,  the  maximum  deposition  rate  increases,  but  requires  progressively 
larger  02:hydride  ratios  to  be  attained.  The  semi-log  plot  in  Fig.  1 indicates, 


30.  M.  L.  Hammond  and  G.  M.  Bowers,  Trans.  Met.  Soc.  AIME  242,  546  (1968). 

31.  M.  Shibata  and  K.  Sugawara,  J.  Electrochem.  Soc.  122,  155  (1975). 
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Figure  1.  PSG  film  deposition  rate  vs  oxygen/hydride 
ratio  for  three  deposition  temperatures. 

furthermore,  that  the  ratio  range  of  the  maximum  region  widens  with  increasing 
temperature. 

Figure  2 depicts  the  effects  of  C>2:hydride  ratio  and  temperature  on  the 
composition  of  PSG  films,  for  the  same  samples  and  CVD  conditions  from  which  the 
deposition  rate  results  in  Fig.  1 were  obtained.  The  phosphorus  concentrations 
in  the  glass  films  generally  increase  with  both  increasing  02: hydride  ratio  and 
with  decreasing  temperature.  The  phosphorus  content  of  the  PSG  films  deposited 
at  450° C is  less  critically  dependent  on  the  ratio  than  in  the  films  deposited 
at  lower  temperature,  making  the  higher  temperature  considerably  more  desirable 
from  a practical  point  of  view,  especially  since  the  level-concentration  range 
occurs  within  the  02:hydride  ratio  range  of  17  to  30,  which  also  coincides  with 
the  range  of  maximum  film  deposition  rate. 
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Total  gas  flow  rate  was  1 1 liters/min. 
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Figure  2.  PSG  film  composition  vs  silane/hydride 
ratio  for  three  deposition  temperatures. 


The  effects  of  substrate  deposition  temperature  for  fixed  C^shydride 
ratios  are  illustrated  more  directly  in  Figs.  3 and  4;  they  were  both  derived 
from  Figs.  1 and  2. 

Figure  3 shows  the  PSG  film  deposition  rate  at  350,  400,  and  450°C  as  a 
function  of  selected  (^hydride  ratios  (4,  6,  10,  24,  and  30:1)  and  also  for 
the  ratios  corresponding  to  the  maximum  deposition  rate'  for  each  of  the  three 
temperatures.  The  curves  exhibit  negative  slopes  for  the  low  ratios  and 
change  to  positive  slopes  for  the  higher  ratio.  The  curves  indicate  that  the 
deposition  rates  at  all  three  temperatures  are  similar  for  any  one  ratio  in 
the  lower  range  of  4:1  to  10:1  (not  drawn  for  clarity)  but  differ  increasingly 
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300  350  400  450 

SUBSTRATE  DEPOSITION  TEMPERATURE, °C 
Top  curve  marked  "Max  A/min"  corresponds  to  ratios  yielding 
maximum  deposition  rates.  All  values  were  taken  from  Fig.  1. 


Figure  3.  PSG  film  deposition  rate  vs  deposition  tempera- 
ture for  selected  oxygen /hydride  ratios. 
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as  the  ratio  is  increased.  Again,  the  least  dependence  is  noted  at  450°C, 
where  all  high  ratios  (15,  24,  and  30:1)  are  close  to  the  ratio  of  22:1  corre- 
sponding to  the  maximum  deposition  rate. 

Figure  4 shows  the  PSG  phosphorus  concentration  as  a function  of  the  same 

0^: hydride  ratio  values  selected  for  Fig.  3,  again  for  all  three  temperatures. 

Also  included  in  this  figure  is  a plot  showing  the  temperature  effect  for  a 

lower  SiH^/PH^  gas  ratio  (7.7:1)  over  an  extended  temperature  interval  (310 

to  450°C);  the  O^hydride  ratio  was  held  constant  at  24:1.  The  difference  in 

slopes  of  this  curve  and  the  24:1  curve  for  the  higher  SiH^/PH^  ratio  (20:1) 

indicates  some  dependence  of  the  temperature  effect  on  the  hydride  ratio.  The 

family  of  curves  for  the  20:1  SiH^/PH^  ratio  series  shows  that  the  effect  of 

temperature  on  PSG  composition  becomes  progressively  less  as  the  0„: hydride 
* ' •»  £ 

ratio  is  decreased,  similar  to  the  effect  on  deposition  rate.  Again,  the  curves 
for  the  higher  ratios  converge  at  450°C,  demonstrating  minimum  dependence.  The 
curve  corresponding  to  the  0^: hydride  ratios  of  maximum  deposition  rate  is  a 
straight  line. 

An  immediate  practical  consequence  of  the  temperature  effect  is  the  need 
for  isothermal  surface  conditions  of  the  substrate  wafer.  Good  thermal  contact 
of  the  wafer  with  the  heated  substrate  plate  is  essential  to  effect  good  heat 
transfer  and  to  avoid  thermal  variations  in  the  wafer  surface.  Poor  contact 
may  arise  if  the  wafers  are  warped  (possibly  due  to  improper  annealing  after 
diffusion),  if  wafers  overlap  on  positioning,  or  if  excessive  quantities  of  CVD 
glass  are  allowed  to  accumulate  on  the  substrate  plate  without  the  heat  input 
being  raised  to  compensate  for  heat  loss. 

3.  Effects  of  Hydride  Flow  Rate 

The  quantity  of  SiH^  or  of  SiH^  + PH^  introduced  in  the  reaction  chamber 
per  unit  time  at  a constant  substrate  temperature  and  (^hydride  ratio  deter- 
mines the  rate  of  film  deposition,  which  follows  a linear  function  up  to  some 
saturation  level  limited  by  the  size  and  geometry  of  the  reaction  chamber. 

In  other  words,  the  film  thickness  increases  proportionally  with  the  hydride 
input  and  the  time  period  of  deposition,  independent  of  the  film  thickness 
up  to  many  micrometers,  at  which  point  decreased  thermal  conductance  may  be- 
come noticeable.  Hydride  input  quantities  for  the  reactor  system  we  used 

3 

to  obtain  the  data  in  Figs,  1 and  2,  for  example,  were  670  cm  /min  of  3.3% 
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SiH^  and  110  cm  /rain  of  i.0%  PH^.  The  PSG  film  composition  is  affected  only 
slightly  by  very  large  variations  in  the  film  deposition  rate,  so  that  this 
effect  can  be  disregarded  in  practical  applications. 


4.  Effects  of  Silane-to-Phosphine  Ratio 

The  SiH^:PH^  ratio  under  otherwise  constant  CVD  conditions  determines  the 

composition  of  the  resulting  PSG.  The  relationship  of  the  mcle  ratio  of 

SiH^tPH^  in  the  gas  and  of  SiO^iPjO^  in  the  resulting  glass  is  nearly  linear, 

as  shown  in  Fig.  5 for  a deposition  temperature  of  445°C.  A plot  of  the  same 

data  in  terms  of  mol  % PH„  in  SiH,  + PH.  vs  mol  % P-0_  in  SiO.  - Po0c  in  the 

3 43  25  225 

resulting  PSG  is  presented  in  Fig. -6.  It  shows  a linear  relationship  up  to 
about  10  mol  % f°H°we£*  ky  a less  than  linear  increase  in  beyond 

this  point.  Recent  data  reported  in  the  literature  [31]  agree  within  approxi- 
mately 10%  with  our  curve  shown  in  Fig.  6.  Lower  temperatures  of  deposition 
at  constant  SiH^sPH^  ratio  increase  the  mol  % **2^5  ^SG  if  the  C^shydride 

ratio  is  adjusted  for  the  plateau  region  of  maximum  deposition  rate  for  each 
temperature,  in  agreement' with  the  data  shown  in  Fig.  4 and  with  literature 
data  [31]. 

The  relationship  depicted  in  Figs.  5 and  6 indicates  that  the  PSG  resulting 
from  the  oxidation  under  the  conditions  stated  contains  more  phosphorus  than 
would  be  expected  from  stoichiometry,  since  two  moles  of  PH^  form  one  mole  of 
^2^5*  ^f8ure  6 indicates  that  up  to  about  10  mol  Z coversion  effi- 

ciency of  PH^  to  1*2^5  at  445°C  is  1.4  times  greater  than  that  of  SilL  to  SiC^. 

At  lower  temperatures  it  is  still  greater.  Stated  differently,  the  conversion 
efficiency  of  SiH^  to  SiO^  during  co-oxidation  of  SiH^  + PH^  is  lower  than  that 
of  PH^  alone.  Apart  from  kinetic  [16]  and  thermodynamic  [32]  differences  in 
the  oxidation  of  the  two  hydrides,  the  previously  mentioned  retardation  of 
SiH^  oxidation  by  oxygen  is  almost  certainly  responsible  for  at  least  part  of 
the  observed  effect.  Hence,  higher  than  expected  phosphorus  concentrations 
in  the  PSG  result.  In  addition,  PH^  appears  to  have  a retarding  effect  on 
SiH^  oxidation,  since  our  work  as  well  as  literature  data  [33]  indicate  that 
the  film  deposition  rate  is  being  depressed  by  the  addition  of  PH^.  We  have 

32.  A.  Mayer,  K.  Strater,  and  D,  A,  Puotinen,  Manufacturing  Techniques  for 
Controlled  Deposition  and  Application  of  Doped  Oxides , Tech.  Rept. 
AFML-70-TR-191  (September  1970). 

33.  M.  Shibata,  T,  Yoshimi  and  K.  Sugawara,  J.  Electrochem.  Soc.  122,  157 
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MOL  RATIO  Si02/P205  IN  FILM 

Dashed  curve  indicates  relationship  for  stoichiometric  reaction. 
Total  gas  flow  rate  was  8 liters/min.  Film  deposition  rate  was 
4000  A/min.  Film  analysis  based  on  wet  chemical  method. 


Figure  5.  Hole  ratio  Si02/P2°5  *n  PSG  film  vs  mole  ratio 
SiH^/PH3  of  the  hydride  gas  mixture. 
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HYDRIDE  COMPOSITION.  MOL%  PH3  IN  PH3  + S»H4 
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GLASS  COMPOSITION,  WT%  P IN  P205-Si02 


Samples  and  CVD  conditions  are  the  same  as  those  defined  in  Fig.  5. 
Also  shown  are  PSG  composition  in  terms  of  wt  % P and  hydride 
composition  in  terms  of  mole  ratio. 
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Figure  6.  Composition  of  PSG  films  vs  composition 
of  hydride  gas  mixture. 
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obtained  similar  results  of  retardation  with  diborane  in  the  co-oxidation  of 

* 

SiH^  + to  deposit  borosilicates  . 

Incorrect  SiH^iPH^  ratios  can  lead  to  several  problems  in  the  glass.  A 
PSG  with  low  phosphorus  content  may  result  in  inadequate  gettering  of  ex- 
ternally introduced  contaminants  such  as  sodium  ions;  it  may  also  cause  crack- 
ing of  the  glass  because  of  excessive  stress.  Too  high  a concentration  of 
phosphorus,  on  the  other  hand,  may  result  in  current  leakage  across  the  surface 
or  in  a hygroscopic  glass  which  may  cause  metal  corrosion  problems. 

In  adjusting  the  SiH^tPU^  ratio  for  otherwise  fixed  conditions,  it  is 
convenient  to  use  a plot  of  etch  rate  values  of  the  films  as  a direct  function 
of  the  SiH^:PH^  ratio,  as  shorn  in  Section  VIII. 


5.  Effects  of  Nitrogen  Flow  Rate 

The  function  of  the  diluent  nitrogen  is  threefold:  (1)  to  dilute  the 

reactive  gases  to  a sufficiently  low  concentration  to  prevent  spontaneous 
combustion  when  combined  with  the  oxygen,  and  in  some  systems,  to  afford  pre- 
mixing; (2)  to  force  the  reactive  gas  mixture  over  the  heated  substrate  surface; 
and  (3)  to  create  gas  flow  conditions  in  the  reaction  chamber  that  result  in 
good  film  uniformity  across  a maximum  area  of  the  substrate  plate.  Too  low  a 
nitrogen  flow  rate  can  severely  depress  the  deposition  rate  of  both  Si02  and 
PSG  films  and  lead  to  gross  nonuniformities  in  film  thickness  across  the  wafers. 
Excessive  nitrogen  flow  decreases  the  residence  time  for  the  gases  at  the  sub- 
strate surface  and  causes  the  plate  temperature  to  drop  due  to  cooling,  thus 
leading  to  nonuniform  deposits  which,  in  the  case  of  PSG,  contain  more  phos- 
phorus than  obtained  under  normal  conditions  (because  of  the  decreased  tempera- 
ture as  indicated  in  Figs.  3 and  4).  A suitable  flowrate  for  the  reaction 
chamber  described  in  Appendix  A is  in  the  range  of  7 to  11  liters  of  total  N^ 
(including  hydride  diluent  N2)  per  minute,  the  correct  quantity  being  determined 
by  the  attainment  of  good  film  thickness  uniformity  under  the  specific  CVD  con- 
ditions used. 

Silane,  despite  its  reactivity  at  high  concentrations  with  oxygen,  can  be 
conveniently  premixed  for  production  applications  with  oxygen  and  nitrogen  at 


*W.  Kern  and  A.  W.  Fisher,  unpublished  work. 


23 


suf f iciently  high  dilutions  in  both  oxygen  and  nitrogen  (i.e,,  0.5%  SiH^,  2.5% 
0^,  97%  N9  by  volume)  forming  a mixture  that  is  inert  until  heated  above 
200°C  [15,32]. 

6.  Effects  of  Reactor  Geometry 

The  shape  and  dimensions  of  the  reaction  chamber  and  the  gas  inlet/outlet 
configuration  are  very  critical  with  respect  to  thickness  uniformity  of  the 
film  deposits.  We  have  constructed  and  tested  many  reaction  chambers  and  found 
that  small  differences  can  cause  gross  effects,  particularly  in  single-rotation 
reactors,  where  a lesser  degree  of  averaging  is  attainable  than  in  planetary 
units.  The  type  of  bell  jar  shown  in  Appendix  D has  given  particularly  good 
results  despite  its  deceptive  simplicity. 

7.  Effects  of  Reaction  Chamber  Wall  Temperature 

The  reactor  wall,  if  hot,  acts  as  a substrate  for  both  glassy  and  powdery 
gas  phase  reaction  products.  Cooling  the  reactor  parts  that  are  not  intended 
for  heating  the  substrate  results  in  a decrease  of  these  undesirable  coatings 
and  also  supresses  homogeneous  gas  phase  nucleation  which  is  the  cause  of  the 
powdery  deposits,  while  at  the  same  time  promoting  desirable  heterogeneous 
reactions  leading  to  glassy  films.  As  a consequence,  cleaner  film  deposits 
form  and  the  deposition  rate  increases  for  the  same  reactant  input.  This 
means,  in  effect,  that  the  yield  of  glassy  product  can  increase  considerably, 
since  the  input  of  expensive  reactants  can  be  reduced  to  attain  the  same  deposi- 
tion rate  obtained  with  a hot-wall  reactor.  The  composition,  in  the  case  of 
PSG  films,  can  be  slightly  affected  by  this  change,  requiring  some  readjustment 

of  the  SiH. :PH_  ratio. 

4 3 

8.  Effects  of  Cleanliness  of  CVD  System  and  Purity  of  Gases 

The  surface-catalyzed  free-radical  reaction  mechanism  underlying  CVD  of 
oxide  and  glass  films  is  quite  sensitive  to  contaminants  on  the  substrate  sur- 
face and  in  the  gas  phase.  Particles  on  the  substrate  wafer  (such  as  powder 
from  scribing)  or  in  the  gas  stream  (such  as  colloidal  oxides)  can  cause  micro- 
bubbles, pinholes,  and  other  localized  structural  defects  in  the  glass  layer. 
Extreme  cleanliness  is  therefore  imperative. 
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As  already  noted,  particulate  contamination  arises  very  often  during  CVD 
because  of  homogeneous  gas  phase  nucleation  reactions.  Increasing  the  nitrogen 
diluent  flowrate  to  a practical  maximum  suppresses  this  reaction,  especially 
if  combined  with  cooling  of  the  reactor  wall. 

Silicon  dioxide  films  deposited  from  semiconductor-grade  silane  (SiH^) 
and  oxygen  are  known  to  contain  some  sodium  that  may  deleteriously  affect  MOS 
devices  [25].  PSG  passivation  of  proper  composition  is  capable  of  gettering 
this  contaminant  to  the  extent  that  instability  problems  are  eliminated.  Never- 
theless, it  is  safest  to  employ  only  high-purity  gases  in  the  CVD  of  passivating 
films  and  to  ensure  removal  of  particulate  impurities  by  the  use  of  large-area 
high-capacity  submicron  filters  in  the  gas  lines. 

The  presence  of  water  vapor  in  the  nitrogen  carrier  gas  does  not  markedly 
affect  the  deposition  rate,  the  film  uniformity,  or  the  chemical  composition. 

In  fact,  the  intentional  introduction  of  water  vapor  during  CVD  can  be  utilized 
to  decrease  film  stress,  as  will  be  shown  in  Section  IV. 

9.  Effects  of  Substrate  Surface 

The  type  of  material,  the  cleanliness,  and  the  topographic  structure  - all 
affect  the  quality  of  the  CVD  films  with  respect  to  film  growth  and  the  presence 
or  absence  of  structural  defects.  The  quality  of  adhesion  of  the  CVD  glass  to 
a substrate  is  dependent  upon  the  cleanliness  of  the  surface,  the  deposition 
conditions,  and  the  nature  of  the  substrate  material.  Peeling  and  blistering 
can  be  avoided  by  observing  clean  processing  conditions,  such  as  complete  re- 
moval of  photoresist  residues  and  chemical  adsorbates  before  glassing  (by  suit- 
able wet  cleaning  techniques  or  plasma  ashing  treatments) . 

Surface  cleanliness  and  surface-cleaning  techniques  for  ensuring  a good 
surface  quality  prior  to  vapor-deposition  processing  are  therefore  absolutely 
essential.  These  have  been  discussed  in  the  previously  mentioned  papers  [1,12]. 
The  relation  of  film  coverage  and  topography  of  the  substrate  surface  is  a 
specialized  topic  we  have  also  reviewed  recently  [34]. 


34.  W.  Kern,  J.  L.  Vossen,  and  G.  L.  Schnable,  11th  Ann.  Proc,  Reliability 
Physics,  214  (1973). 
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10.  Applicability  of  Results  to  Other  CVD  Reactor  Systems 


A considerable  variety  of  CVD  reactor  systems  for  preparing  SiO^  and  PSG 
passivating  overcoats  is  now  available.  In  Appendix  B,  we  have  categorized 
and  described  the  design,  operation,  and  capability  of  CVD  equipment,  which 
varies  from  relatively  simple  to  sophisticated  automated  reactors.  We  have 
conducted  a limited  number  of  experiments  with  several  of  these  types  of  reactor 

ft 

systems,  including  several  commercially  available  continuous  processing  units  , 
to  examine  whether  the  experimental  results  presented  in  this  section  are  appli- 
cable to  other  systems  as  well.  We  found  that  they  not  only  agree  in  principle, 
but  that  they  frequently  relate  on  a semi-quantitative  basis,  despite  the  re- 
markable differences  in  geometry  and  system  operation.  Nevertheless,  the 
performance  of  each  reactor  must  be  carefully  examined  and  adjusted  to  attain 
conditions  for  producing  films  of  specified  properties. 

D.  CONCLUSIONS 

Even  though  the  principle  of  operation  may  differ  greatly  for  various  types 
of  systems,  the  basic  CVD  parameters  underlying  oxide  and  glass  film  formation 
by  gas  phase  oxidation  of  the  hydrides  at  temperatures  below  500° C are,  in  prin- 
ciple and  often  semiquantitatively,  applicable  to  all  systems.  The  critical 
factors  determining  PSG  composition  and  film  quality  are  substrate  temperature 
of  deposition,  oxygen-to-hydride  ratio,  and  silane-to-phosphine  ratio.  These 
factors  must  be  controlled  and  optimized  for  a given  CVD  system  by  analysis 
of  the  film  product  obtained.  The  CVD  process  should  be  directed  in  a fashion 
conducive  to  heterogeneous  gas-phase  nucleation  to  produce  clear,  glassy  films 
free  of  defects.  Homogeneous  gas-phase  reactions  produce  particulate  contami- 
nants and  must  be  suppressed  by  application  of  the  techniques  discussed.  Even 
though  the  exact  reaction  mechanism  of  film  formation  is  quite  complex  and  is 
influenced  by  many  variables,  the  optimized  preparation  of  high-quality  SiC^ 
and  PSG  films  for  IC  overcoat  passivation  is  a CVD  process  well  suitable  for 
large-scale  production. 

^Typical  units  and  their  manufacturers  are  listed  below: 

Rotox-60,  Unicorp.  Incorporated,  625  North  Pastoria  Dr.,  Sunnyvale,  CA94086. 
AMS-2000  Continuous  Silox  Reactor,  Applied  Materials  Technology,  Inc., 

2999  San  Ysidro  Way,  Santa  Clara,  CA95051. 

PWS  Model  2000  Vapor  Deposition  System,  Pacific  Western  Systems,  Inc.,  855 
Maude  Avenue,  Mountain  View,  CA94040;  described  in  "Vapor  Deposition  Unit  is 
Modular,"  Electronics,  138  (September  5,  1974). 
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The  formation  of  low-stress  CVD  SICL  and  PSG  films  by  Introducing  water 
vapor  during  CVD  has  been  noted  and  is  discussed  in  detail  in  Section  VI. 

The  feasibility  of  post-deposition  catalytically  accelerated  densifica- 
tion  of  PSG  films  at  450°C  using  water  vapor  as  catalyst  will  be  demonstrated 
experimentally  in  Section  V.  Substantial  degrees  of  densification  can  be 
achieved,  and  consequent  improvements  in  the  film  qualities  can  be  expected. 

Part  of  the  information  presented  in  this  section  and  in  the  appendix 
describing  CVD  equipment  (Appendix  B)  has  been  summarized  in  a paper  presented 
at  NAECON  '75  [35];  a copy  of  the  paper  is  included  herein  as  Appendix  E. 

The  essential  effects  of  CVD  key  parameters  for  preparing  PSG  films  are 
presented  schematically  in  the  summary,  Table  26  (Section  IX. D.,  page  148).  . 


35.  W.  Kern,  Proc.  IEEE  1975  National  Aerospace  and  Electronics  Conf.; 
NAECON  *75  Record,  pp.  93-100. 


27 


IV.  STRESS  IN  CVD  FILMS 

A,  INTRODUCTION 

Intrinsic  stress  in  passivation  films  is  a major  factor  in  determining 
whether  cracks  occur  in  glass  over  metallization  on  ICs.  Since  cracks  in  the 
passivation  glass  can  result  in  substantially  lower  IC  reliability,  a detailed 
study  was  made  of  the  effect  of  CVD  deposition  conditions  on  room-temperature 
stress  of  CVD  films  of  Si02  and  PSC  on  silicon  wafer  substrates.  Variables 
studied  included  the  effect  of  deposition  rate,  deposition  temperature,  addi- 
tion of  water  vapor,  hydride/oxygen  ratio,  and,  in  the  case  of  PSG  films,  phos- 
phorus content.  Post-deposition  storage  and  densification  effects  were  also 
investigated. 
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B.  SURVEY  OF  STRESS  MEASUREMENT  METHODS 

A variety  of  techniques  for  measuring  stress  in  thin  films  are  described 
in  the  literature  [36]  (see  Appendix  A).  X-ray  and  electron-diffraction 
analyses  have  been  used  to  measure  changes  in  lattice  spacing  and  hence  stress 
in  films.  However,  more  commonly,  s^ess  is  calculated  by  measuring  the  de- 
formation of  a substrate,  usually  in  the  form  of  a beam,  or  a circular  disc. 

In  the  beam  bending  method,  stress  is  calculated  by  determining  the  radius  of 
curvature  of  the  beam.  Several  methods  for  measuring  the  radius  r ' curvature 
of  a cantilevered  beam  have  been  reported. 

For  a circular  disc,  the  stress  is  calculated  by  measuring  the  displace- 
ment of  the  center  of  the  circular  disc  in  relationship  to  its  edges.  This 
can  be  accomplished  .by  counting  interference  fringes  between  the  disc  and  an 
optical  flat,  laser  interferometry,  holography,  changes  in  location  of  the  focal 
point,  profiling  the  substrate  with  a light  section  microscope,  or  profiling 
the  substrate  by  scanning  with  an  optical  microscope  and  measuring  the  change 
in  focus  from  center  to  edge. 
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C.  MEASUREMENT  METHODS  USED 

For  the  work  described  in  this  report,  the  stress  was  determined  by  de- 
positing films  onto  circular  silicon  wafers.  Measurements  of  disc  deflection 


36.  D.  S.  Campbell,  in  Handbook  of  Thin  Film  Technology,  L.  I.  Maissel  and  R. 
Glang,  Eds.,  (McGraw  -Hill  Book  Co.,  New  York,  1970),  pp.  12-3  to  12-50. 
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were  done  at  room  temperature.  Three  methods  were  chosen  for  these  measure- 
ments.  The  first  method  was  to  use  an  optical  flat  and  calculate  deflection 
by  counting  interference  fringes  [37].  The  second  method  was  to  determine  the 
focal  point  by  reflecting  a collimated  light  off  the  surface  of  the  wafer  [38] . 
The  third  method  was  to  focus  an  optical  microscope  on  one  edge  and  then  move 
the  sample  transversely  from  one  edge  to  the  other  through  the  center  of  the 
wafer,  and  measure  the  change  in  focus  at  various  points.  Measurements  were 
made  in  both  x-  and  y-direction  at  5-mm  intervals.  The  micrometer  on  the  fo- 
cusing dial  was  zeroed  at  the  edge  of  the  wafer.  Upward  and  downward  movement 
of  the  microscope  stage  was  recorded  as  positive  and  negative,  respectively. 

From  this  information,  a plot  of  the  wafer  profile  was  then  made,  from 
which  deflection  was  determined.  Initially,  all  three  methods  were  used  to  mea- 
sure flatness  of  the  substrate  before  CVD  of  the  films.  However,  only  pro- 
filing was  used  in  the  latter  part  of  the  work  since  it  gave  the  best  results. 
Corrections  in  the  final  profile  were  made  if  deviations  from  flatness  occurred 
in  the  starting  substrate.  Typical  plots  of  change  of  focus  vs  distance  across 
wafers  are  shown  in  Fig.  7. 

Stress  in  the  CVD  films  was  then  calculated  from  the  equation  derived  by 
Glang  [39] 


E 

3(lfe) 


where 


a ■ Stress  (dynes/cm  ) , 

6 = Deflection  of  disc  (cm) , 

v * Poisson's  ratio  for  substrate, 

E * Young's  modulus  of  substrate, 

= Film  thickness  (cm), 

t = Substrate  thickness  (cm) , and 
s 

r = Radius  of  disc  (cm) . 


37.  R.  W Hoffman,  in  Physios  of  Thin  Films3  Vol.  3,  G.  Hass  and  R.  E.  Thun, 
Eds.,  (Academic  Press,  New  York  and  London,  1966),  p.  211. 

38.  R.  Lathlaen  and  D.  A.  Diehl,  J.  Electrochem.  Soc.  116,  920  (1969). 

39.  R.  Glang,  R.  Holmwood,  and  R.  Rosenfeld,  Rev.  Sci.  Instr.  36,  7 (1965). 
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Figure  7.  Wafer  profiles  before  and  after  CVD  of  a 1.4-ym- thick  Si02  layer. 


D.  PUBLISHED  INFORMATION  ON  STRESS  IN  CVD  FILMS 

The  literature  contains  some  information  on  stress  in  CVD  Si02  and  PSG 
films.  Comparisons  are  sometimes  difficult  to  make  because  of  the  substantial 
differences  in  deposition  systems.  Generally,  published  data  are  based  on 
room-temperature  measurements.  SiO^  films  nave  been  reported  to  be  in  tension 
as  deposited  [40].  Because  silicon  has  a higher  coefficient  of  thermal  ex- 
pansion than  silicon  dioxide,  the  residual  stress  in  CVD  SiO^  films  on  silicon 
at  room  temperature  is  somewhat  lower  than  the  intrinsic  stress  of  films  as 
deposited,  but  the  films  are  still  in  considerable  tension  [38-43]. 

PSG  films  are  in  lower  tensile  stress  (at  room  temperature)  than  Si02 
films  deposited  at  the  same  conditions  [25,47].  In  general,  however,  residual 
stress  at  room  temperature  remains  tensile  [25,43]. 

40.  H.  Sunami,  Y.  Itoh,  and  K.  Sato,  "Low  Stress  CVD  Glass  Films  in  Multi- 
level Interconnection,"  Proc.  2nd  Conf.  Solid  State  Dev.,  Tokyo,  1970} 
Suppl.  to  J.  Japan.  Soc.  Appl.  Phys.  40_,  67  (1971). 

41.  M,  L.  Barry,  in  Chemical  Vapor  Deposition t J.  M.  Blocher,  Jr.,  and  J,  C. 
Withers,  Eds.  - Second  Intn’l  Conf.,  The  Electrochem.  Soc.,  New  York 
(1970),  pp.  595-617. 

42.  H.  Sunami,  Y.  Itoh,  and  K.  Sato,  J.  Appl.  Phys.  41,  5115  (1970). 

43.  P.  B.  Ghate  and  L.  H.  Hall,  J.  Electrochem.  Soc.  119,  491  (1972). 


Some  information  is  available  on  the  effect  of  deposition  rate  [38,42] 
and  silane/oxygen  ratio  [38]  on  CVD  SiC^  stress,  and  of  phosphorus  concentra- 
tion on  stress  in  CVD  PSG  [25,42].  Stress  reduction  in  CVD  films  exposed  to 
room  air  has  been  reported  [42]. 

Deposited  SiC^  or  PSG  films,  when  heated  above  the  deposition  temperature, 
are  put  in  additional  tension,  particularly  in  regions  over  the  edges  of  de- 
lineated A1  metal  films.  Accordingly,  there  is  some  correlation  between  the 
intrinsic  tensile  stress  in  deposited  films  and  the  temperature  increment  above 
deposition  temperature  which  can  be  attained  before  cracks  begin  to  form  [25, 
40]. 

In  general,  the  lower  the  intrinsic  stress  in  films,  the  thicker  the  CVD 
layer  can  be  before  severe  cracking  begins  to  occur  [22,23,25]. 

E.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

1.  Evaluation  of  Substrates  Used  for  Stress  Measurements 

Initially,  65-ym- thick,  flat,  circular  (111) -silicon  substrate  wafers  were 
used  to  measure  film  stress.  During  the  chemical  vapor  deposition  process, 
the  substrates  deformed  because  of  the  thermal  gradients  across  the  substrate, 
as  well  as  from  the  strain  that  is  being  introduced  from  the  depositing  layer. 
The  magnitude  of  the  deformation  of  the  thin  silicon  wafers  used  for  stress 
measurements  is,  of  course,  much  greater  than  that  which  occurs  on  normal  inte- 
grated circuit  wafers.  Deformation  of  the  substrate  during  CVD  can  cause  er- 
rors in  the  stress  measurements,  and  it  is  thus  important  that  the  substrates 
remain  relatively  flat  during  the  CVD  process.  To  maintain  the  flatness  of 
the  thin  silicon  wafer  substrates  during  CVD,  a fixture  was  designed  to  hold 
the  substrates  down  by  vacuum.  The  fixture  consists  of  an  aluminum  block 
5.7  ran  in  diameter  and  18  mm  in  height,  with  a 6.3-mm  stainless  steel  tube 
leading  to  a cavity  in  the  center  of  the  block;  0.3-mm  holes  were  drilled 
through  the  top  of  the  block  to  the  cavity,  in  a circular  area  35  mm  in  diam- 
eter. A vacuum  line  was  connected  to  the  fixture,  and  wafers  placed  over  the 
holes  in  the  top  surface  were  held  firmly  in  place. 

While  the  vacuum  holddown  fixture  worked  satisfactorily,  it  could  not  be 
used  with  certain  types  of  CVD  systems.  Moreover,  the  65-ym  wafers  proved  to 
be  too  fragile  for  easy  handling  in  a large  number  of  tests.  Accordingly, 
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tests  were  carried  out  to  determine  what  wafer  thickness  could  be  used  that 
would  not  be  excessively  fragile  and  still  give  good  results.  It  was  found 
that  wafers  about  140-pm  thick  and  39  mm  in  diameter  were  sturdy  enough  so 
that  excessive  breakage  did  not  occur.  Because  of  the  increased  thickness, 
it  was  also  found  that  it  was  unnecessary  to  use  the  vacuum  fixture  to  hold 
the  wafers  during  deposition.  Tests  revealed  that  stress  measured  on  samples 
held  fast  during  deposition  was  not  appreciably  different  from  that  of  wafers 
not  held  at  all,  and  that  uniform  CVD  film  thicknesses  resulted.  For  this 
reason  the  wafers  were  not  held  down  during  CVD.  Profiles  for  two  wafers  with 
and  without  holddown  are  shown  in  Fig.  8. 
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SAMPLE  WITHOUT  HOLD-DOWN  DURING  CVD 
56/i.m  DEFLECTION 
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Figure  8.  Profiles  of  two  silicon  substrates  following  CVD 
of  a 1 pm  thick  layer  of  SiC^. 


Young’s  modulus  and  Poisson's  ratios  were  measured  for  the  silicon  sub- 
strates used  for  film  deposition.  This  was  accomplished  by  thermally  oxidizing 
the  wafers  in  steam  at  1100°C,  removing  the  oxide  from  one  side  in  aqueous  HF, 
and  measuring  the  deflection.  Since  the  stress  value  of  thermally  grown  SiC^ 
has  been  published  [44],  this  value  was  substituted  into  the  stress  equation, 
43.  R.  Jaccodine  and  W.  Schlegel,  J.  Appl.  Phys.  37,  2429  (1966). 
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and  E/(l  - v)  was  calculated.  The  calculated  value  of  l.S  x 10  dyne/cm  for 

12  2 

(111) -oriented  silicon  is  close  to  Clang's  value  of  2.3  x 10  dyne/cm  [39]. 

However,  for  (100) -oriented  silicon,  the  value  of  E/(l  - v)  was  found  to 
12  2 

be  1.3  x 10  dynes/cm  . This  difference  between  (111)  and  (100)  silicon  was 
also  confirmed  by  stress  measurements  which  showed  that  wafers  of  equal  thick- 
ness with  equal  CVD  oxide  thicknesses  deflected  by  different  amounts,  with  larger 
deflection  occurring  on  (lOO)-oriented  silicon  wafers. 

In  the  process  of  making  stress  measurements  in  CVD  layers,  unexplained 
variations  In  measured  stress  were  observed.  Experiments  revealed  that  some 
substrate  wafers  deflected  more  easily  than  others,  thus  resulting  in  a larger 
stress  value  than  actually  are  present  in  the  CVD  layer.  Variations  in  the 
depth  of  microcracks  caused  by  lapping  and  polishing  of  the  silicon  substrate 
are  probably  the  main  cause  for  the  difference  between  wafers.  In  an  effort  to 
eliminate  these  variations,  an  apparatus  was  set  up  to  measure  wafer  deflec- 
tion. Deflection  was  measured  by  placing  the  silicon  substrates  onto  an  0-ring 
support,  and  then  applying  a partial  vacuum  to  the  holder,  thus  causing  the 
wafer  to  bow.  A partial  vacuum  of  200  mm  of  HgO  was  used  since  this  deflected 
the  substrates  about  the  same  amount  as  a CVD  Si02  film  of  1 ym  in  thickness. 

Each  wafer  used  for  stress  measurements  was  checked,  and  only  wafers  that  showed 
equal  amounts  of  deflection  for  both  sides  for  a given  pressure  were  used  for 
stress  measurements. 

For  all  stress  data  presented  in  this  report,  (111) -oriented  silicon  sub- 
strate wafers  were  used,  and  Glang's  value  for  E/(l  - v)  was  used  in  making 
the  calculations. 

2.  Effect  of  Storage  on  Stress 

Stress  in  CVD  Si02  films  has  been  shown  to  decrease  with  time,  the  amount 
of  decrease  being  dependent  upon  the  storage  ambient.  Wafers  having  a CVD  Si09 
layer  are  essentially  totally  relieved  of  their  stress  in  about  four  hours  if 
stored  in  100%  relative  humidity  at  room  temperature,  whereas  wafers  prepared 
under  the  same  deposition  conditions  showed  little  change  in  stress  when  stored 
in  a dry  box  for  70  hours  (Fig.  9) . However,  subsequent  experiments  showed 
that  even  in  a dry  box  some  stress  with  CVD  oxide  layers  is  relieved.  Wafers 
with  oxide  layers  whose  stress  had  been  relieved  by  storing  in  100%  relative 
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Figure  9. 
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Plot  of  wafer  deflection  as  a function 
of  storage  ambient  and  time. 


humidity  went  back  into  tensile  stress  when  the  sample  was  returned  to  the  dry 
box  condition.  These  results  indicate  that  for  undensified,  unencapsulated 
SiC^  layers  the  stress  will  vary  depending  on  ambient  conditions. 

3.  Effect  of  Deposition  Rate  on  Stress 

Results  have  shown  that  SiO^  films  deposited  at  a very  high  rate  (10,000 

X/min)  are  in  tensile  stress  of  about  3.1  x 10 ^ dynes /cm^  as  compared  with 

2.7  x 10^  dynes /cm  for  films  deposited  at  1000  X/min. 

Stress  as  a function  of  film  deposition  rate  for  PSG  layers  containing 

3.5  wt  % phosphorus  has  been  measured  in  the  range  of  1250  X/min  to  5000  X/min, 

with  the  0„  to  hydride  ratio  held  constant  at  11.4  to  1.  Stress  was  about 
9 ^ 2 

2.3  x 10  dynes /cm  for  all  the  samples  prepared  in  this  range.  Table  4 lists 
various  characteristics  of  the  PSG  layers. 

4.  Effect  of  Deposition  Temperature  on  Stress 

Stress  as  a function  of  deposition  temperature  has  been  measured  in  the 

range  of  340°  to  450 °C.  The  average  stress  for  five  samples  of  CVD  Si0„  films 

9 2 ^ 

on  silicon  prepared  at  340 °C  was  3.1  x 10  dynes /cm  . Film  average  stress  for 

9 2 

five  samples  prepared  at  400°C  was  3.1  x 10  dynes/cm  . Samples  prepared  at 
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Table  4.  Properties  of  GVD  Layers  Prepart  > 
at  Different  Deposition  Rates 


Deposition 

Temperature 

(°C) 

Deposition 

Rate 

(X/min) 

Stress 

(dynes/ 

ctn^) 

Etch  Rate  of 
Undensified 
Film*  in 
P-Etch 
(X/sec) 

Etch  Rate  Ratio 
/Undensified  FilmN 
\Densified  Film  ) 

Etch  Rate  of 
Densified 
1 Film  in  P- 
' Etch  (R/sec) 

Wt  X 

Densi 

Film 

400 

1250 

2.3  x 109 

40.8 

2.7 

14.9 

3.5 

400 

2500 

2.3  x 109 

38.9 

2.4 

16.2 

3.7 

400 

5000 

2.4  x 109 

38.0 

2.5 

15.3 

3.6 

*After  storage  at  23°C  in  desiccator  for  91  days. 
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450°C  averaged  2.7  x 10  dynes/cm  . Experimental  conditions  and  evaluation  data 
for  these  and  similar  tests  are  presented  in  Table  5. 

An  attempt  was  made  to  correlate  stress  with  etch  rate  of  CVD  films.  While 
some  of  the  etch  rate  studies  were  inconclusive,  there  was  a tendency  for  the 
etch  rate  to  increase  as  deposition  temperature  was  decreased,  in  correlation 
with  the  fact  that  as  the  deposition  temperature  is  lowered,  the  intrinsic 
stress  increases. 

5.  Stress  as  a Function  of  0^  to  SiH^  Ratio  for  SiO^  Films 

Stress  as  a function  of  to  SiH^  ratio  was  measured  for  SiC^  deposited 
at  450 °C.  Contrary  to  other  published  data  [38]  little  difference  was  observed 
in  the  stress  of  the  deposited  film  when  the  O2  to  SiH^  ratio  was  varied  be- 
tween 3 and  36  to  1,  as  shown  in  Table  6. 

6.  Stress  as  a Function  of  Glass  Composition 

Experiments  have  shown  that  as  the  phosphorus  content  in  a CVD  Si02  layer 

increases  from  0 wt  % tc  8.5  wt  % the  room  temperature  stress  goes  down. 

9 2 

Stress  for  pure  Si02  films  averages  2.7  x 10  dynes /cm  as  shown  in  Subsection 

4.  As  one  increases  the  phosphorus  content  to  3.7  wt  %,  the  stress  averages 
9 2 

2.3  x 10  dynes/cm  (Subsection  3). 

At  8.5  wt  % phosphorus, tensile  stress  in  the  film  at  the  450°C  deposition 

9 2 

temperature  was  calculated  to  be  2.4  x 10  dynes/cm  , but  no  stress  could  be 
measured  in  the  CVD  layer  at  room  temperature;  however,  upon  densification  at 
1000  C the  layer  went  into  compressive  stress  of  1.3  x 10  dynes/cm  . Results 
thus  show  that  room-temperature  stress  in  CVD  films  can  be  reduced  to  nearly 


35 


co  <f 

a a 


flj  CM 

« O 

s 

o 

rH 

ft  CM 


CO  CO  /-s 

co  a>  <r> 
# s o 

M txH 
4J  13  „ 
C/3  'r'  X 


d 

o 

•H 

U O 
•rl  B 
CO  -rj 

o cu  a 

ft  « s. 

<u  njo< 

o Pi 


CO 

CO 

cu 

B 

(U 

TJ  U 
•H  *H 
X 42CX 
OH'-' 


CU 

c y 

O 3 
•H  U 
W CCS 
•H  P 
CO  0) 

O ft  rs 

ft  a u 

Q)  ffl  O 

OH'-' 


CO 

CO 

CO 

CO 

in 

in 

m 

uo 

m 

m 

m 

in 

m 

in 

CO 

CO 

(O 

CO 

CM 

CM 

CM 

CM 

CM 

n. 

n* 

n» 

ns 

ns 

CM 

cm 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

co 

co 

n. 

n> 

ns 

ns 

r*s 

ns 

ns 

ns 

ns 

ts 

r-s 

ns 

oo 

00 

00 

oo 

00 

00 

00 

00 

00 

co 

00 

CO 

00 

00 

vO 

\D 

vD 

VO 

vO 

vO 

vO 

vO 

vO 

vO 

vO 

vp 

vO 

vO 

o 

o 

O 

o 

o 

O 

O 

o 

O 

o 

O 

o 

O 

o 

o 

o 

O 

O 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

vO 

vO 

vO 

vO 

vO 

vO 

vO 

vO 

vO 

VO 

vO 

M3 

vO 

vO 

COfsvOCOvOO'f'IOCItsrHCMCMMr 

cmcmcmcmcocmcocococmcocococo 


vO 

co 

o 

VO 

in 

42 

0)  g 

1 I 

• 

• 

• 

1 

o 

4-1  ^ 

vO 

VO 

r*. 

vO 

n~ 

AJ 

w 

rH 

rH 

H 

rH 

rH 

ns  oo 

H H 


o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

O 

H 

ns 

vO 

vO 

vO 

CO 

rH 

o 

CM 

o 

vO 

rH 

o 

CM 

CM 

CM 

ns 

CO 

Sj- 

CM 

i — 1 

rH 

<r 

rH 

9. 

* 

* 

9k 

+. 

9k 

* 

9k 

r 

9> 

•* 

H 

t-H 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

Mf 

CO 

o 

CM 

o 

o 

o 

00 

ns 

o 

o 

ns 

<r 

ns 

r>. 

m 

Vp 

vO 

00 

rH 

co 

ov 

CM 

o 

m 

m 

9k 

9k 

a 

9i 

9 1 

9k 

9» 

Wk 

9k 

9k 

9* 

9k 

9k 

o 

CM 

CM 

CM 

n% 

CO 

<r 

CM 

O 

rH 

rH 

Ov 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

ooooooooocooqq 

H « — I rH  H H H H i — I H H «~4  H H rH 


o 

o 

o 

o 

o 

O 

O 

O 

o 

O 

o 

o 

© 

o 

en 

in 

m 

m 

o 

o 

o 

O 

o 

sf 

Mt 

vl- 

<r 

sr 

Mf 

<r 

MJ- 

-3- 

<3- 

-3- 

n 

CO 

co 

co 

CO 

<U 

i — 1 

cm 

co 

rH 

CM 

co 

*n 

VO 

ns 

co 

Ov 

o 
1 — 1 

rH 

i 

1 

1 

1 

1 

1 

1 

t 

1 

1 

i 

l 

I 

1 

ft 

oo 

n* 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

n* 

ns 

IS 

r*s 

ns 

a • 

Ov 

Ov 

ov 

ov 

Ov 

ov 

ov 

cr\ 

Ov 

ch 

ov 

Ov 

Ov 

Ov 

« 0 

1 

! 

1 

1 

1 

1 

i 

1 

i 

1 

1 

1 

1 

1 

w a 

> 

> 

> 

> 

> 

> 

> 

> 

> 

> 

> 

> 

> 

> 

jlviVn 


Table  6.  Relationship  of  Stress  in  CVD  Si02  Layers  and  0^  to  SiH^  Ratio 


Sample 

No. 

Temper- 

ature 

(°c) 

02  s SiH4  Oxide 
Ratio  Thick- 

ness 
(8) 

Deposi- 

tion 

Rate 

(X/min) 

Stress 

(dynes/ 

cm*) 

N2 

Flow 

Rate 

(Jl/min) 

O2  Flow 
Rate 
(cm3/ 
min) 

Silty  10% 

Flow 

Rate 

(cm^/min) 

0 

V-97-11 

450 

36:1 

12,600 

1,260 

2.9x10 

6 

687 

190 

V-97-12 

450 

14:1 

14,200 

1,420 

2 . 8xl07 * 9 

6 

263 

190 

V-97-13 

450 

3:1 

11,900 

1,190 

3.2xl09 

6 

60 

190 

zero  by  increasing  the  phosphorus  content,  but  too  much  phosphorus  leads  to 
corrosion  (see  Section  VXI1) . 

Layers  of  Si02  and  2,  3,  and  4 wt  % phosphorus  PSG  were  deposited  on  IC 
device  wafers  and  examined  for  cracks.  CVD  processing  was  under  the  usual 
conditions  at  450°C,  and  the  layer  thicknesses  ranged  from  1.1  to  1.2  ym.  Both 
linear  bipolar  ICs  (CA3747)  with  large  aluminum-metallized  capacitor  areas  and 
CMOS  ICs  (CD4017A)  were  chosen  for  these  tests.  The  overcoat  layers  were  de- 
lineated by  photolithography  and  chemical  etching  to  open  the  aluminum  bond  pad 
areas  and  the  grid  lines.  Microscopic  examination  showed  that  the  highly 
stressed  Si02  layer  had  cracked  along  the  edges  and  in  the  interior  of  the 
large  aluminum-metallized  areas.  Additional  cracks  formed  along  the  entire 
edge  of  the  circuit  over  the  dense  oxide.  The  glass  layers  containing  2,  3,  or 
4 wt  % phosphorus  exhibited  no  cracks,  thus  demonstrating  that  the  incorpora- 
tion of  a relatively  small  amount  of  phosphorus  in  the  glass  can  have  a very 
large  effect  on  preventing  glass  cracking.  Another  important  finding  concerns 
step  coverage.  We  found  by  special  etching  techniques,  that  2 to  4 wt  % phos- 
phorus PSG  affords  a substantially  better  conformal  edge  coverage  over  aluminum 
than  does  SiO^.  Again,  the  difference  between  0 and  2 wt  % phosphorus  is  re- 
markable, and  is  definitely  due  to  the  overcoat  material  since  the  conditions 
of  CVD  were  kept  exactly  analogous,  and  the  effect  occurred  on  both  types  of 
ICs,  even  though  the  aluminum  thickness  and  edge  contour  are  not  exactly  the 
same. 


7.  Effect  of  Intentionally  Introduced  Water  Vapor  During  CVD 
of  Si02  and  PSG  Films  on  Stress 

It  has  been  demonstrated  that  substantial  degrees  of  densification  of 

CVD  films  can  be  achieved  by  prolonged  heat  treatments  at  450 °C  in  ambients 
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containing  water  vapor.  To  attempt  to  lower  the  tensile  stress  directly  in 
the  as-deposited  layers,  H^O  vapor  was  intentionally  added  into  the  CVD  reac- 
tion chamber  at  a deposition  temperature  of  450°C. 

Since  l^O  is  one  of  the  reaction  products  when  SiH^  is  oxidized,  it  was 
necessary  to  substantially  increase  the  H^O  content  to  observe  an  effect.  This 
was  easily  accomplished  simply  by  passing  the  main  ^ carrier  gas  through  a 
fritted  bubbler  to  saturate  the  ^ with  H^O  vapor  at  room  temperature.  Assum- 
ing a 50  percent  oxidation  of  the  SiH^  in  the  reaction  chamber,  the  1^0  vapor 
content  was  increased  9.2  times.  0^  could  also  be  passed  through  a bubbler  to 
further  increase  the  H^O  vapor  content. 

Tensile  stress  in  the  CVD  SiO  films  deposited  onto  silicon  wafers  by 

^9  2 9 2 

this  technique  was  reduced  from  2.7  x 10  dynes/cm  to  2.4  x 10  dynes /cm  . 

To  further  confirm  that  tensile  stress  was  lowered  by  deposition  in  wet  Nj» 

two  CVD  SiO^  layers,  one  prepared  with  wet  the  other  with  dry  were  de- 
posited over  a 1-pm-thick  aluminum  test  pattern.  These  test  patterns  were  used 
since  CVD  oxide  layers  over  aluminum  are  very  susceptible  to  cracking.  Subse- 
quent to  CVD  deposition  the  samples  were  etched  in  hot  (55°C)  aluminum  etch 
for  10  min  to  reveal  cracks  in  the  Si02  films  (cracks  or  pinholes  in  the  over- 
lying  glass  will  allow  the  etch  to  reach  the  metal,  thus  etching  it  away).  The 

sample  having  an  oxide  prepared  with  wet  Nj  had  no  cracks , while  cracks  were 

observed  on  the  sample  prepared  with  dry  Nj . Both  samples  were  then  reheated 
at  450°C  for  1.5  hours  in  nitrogen,  cooled  and  re-etched  for  an  additional  10 
minutes  in  the  hot  aluminum  etch.  Microscopic  examination  showed  a few  cracks 
on  the  sample  prepared  with  wet  nitrogen,  while  the  sample  prepared  with  dry 
nitrogen  was  severely  cracked  (Fig.  10) . A scanning  electron  micrograph  of  the 
sample  prepared  with  dry  nitrogen,  taken  at  2000  x magnification  at  an  incidence 
angle  of  30°,  is  shown  in  Fig.  11.  The  aluminum  film  etched  away  between  6 to 
8 pm  from  the  crack  in  the  Si02  layer.  Studies  employing  selective  etching 
techniques  and  SEM  have  shown  that  these  stress-induced  microcracks  in  SiO^ 
layers  deposited  under  "dry"  CVD  conditions  over  aluminum  patterns  do  not  ex- 
tend beyond  the  aluminum  area,  but  run  across  the  aluminum  patterns  and  along 
most  of  the  Si02  layer  top  corner  covering  the  edge  of  the  aluminum  pattern. 

The  cracks  are  not  nucleated  by  pinholes  or  other  defects  in  the  Si02  or  alum- 
inum films. 


38 


Siilllllil 


(a)  Deposition  of  Si02  layer  performed  in  wet  N2. 
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Figure  10.  Cracks  revealed  in  a 1-pm-thick  CVD  Si02  layer 
deposited  over  an  A1  pattern,  followed  by  450°C 
heat  treatment  and  A1  etching. 
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Sample  was  etched  in  hot  aluminum  etch,  resulting  in  removal 
of  aluminum  from  the  area  adjacent  to  the  cracks. 


Figure  11.  Scanning  electron  micrograph  of  cracks  in  CVD 
SiC>2  over  aluminum,  2000X,  30°  incidence. 


This  same  test  was  repeated  using  a 1-ym-thick  PSG  layer  over  1-ym-thick 
aluminum  patterns.  Because  PSG  glass  layers  are  under  less  tensile  stress 
as-deposited,  no  cracks  were  observed  on  either  the  wet  or  dry  nitrogen  samples. 
However,  by  heating  the  samples  to  525 °C  for  10  minutes  and  by  giving  the  sam- 
ples a hot  aluminum  etch,  some  cracks  did  appear  in  the  PSG  layer  deposited 
with  dry  nitrogen,  while  none  were  observed  on  the  sample  prepared  with  wet 
nitrogen  (Fig.  12) . The  results  reveal  that  under  the  same  deposition  condi- 
tions, CVD  Si02  films  or  PSG  films  deposited  with  wet  nitrogen  carrier  gas 
have  lower  intrinsic  tensile  stress  than  films  deposited  with  dry  nitrogen. 

The  use  of  such  CVD  films  in  the  manufacture  of  semiconductor  devices 
should  result  in  higher  yields  and  greater  reliability,  expecially  where  the 
CVD  oxide  layers  are  used  as  an  insulator  or  passivating  glass,  since  glass 
cracking  is  a major  cause  of  device  failures  and  degradation. 

Infrared  absorption  spectroscopy  of  SiC^  and  PSG  films  deposited  in  the 
presence  of  water  vapor  have  shown  no  larger  quantities  of  included  water  in 
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Figure  12.  Cracks  revealed  in  a 1-pm-thick  CVD  PSG  layer 
deposited  over  an  aluminum  pattern,  followed 
by  525°C  heat  treatment  and  aluminum  etching. 


film  structure  than  is  normally  observed  under  dry  conditions.  Composi- 
tional analysis  of  the  PSG  films  has  shown  that  the  phosphorus  content  is  not 
markedly  affected  by  these  deposition  conditions. 

8.  Stress  Measurements  of  CVD  SiO^  Films  for  Various  CVD  Reactors 

A comparison  of  stress  in  CVD  Si02  films  deposited  in  four  different  CVD 

systems,  including  several  commercially  available  systems,  was  made.  The  CVD 

reactors  used  in  the  comparison  tests  had  deposition  temperatures  in  the  range 

of  400°  to  450°C  and  deposition  rates  ranging  from  1000  R/min  to  10,000  X/min. 

9 2 

The  highest  stress  observed,  3.1  x 10  dynes/cm  , was  on  samples  prepared  on 

9 2 

the  AMS-2000  model.  The  lowest  stress  observed,  2.7  x 10  dynes/cm  , was  on 
samples  prepared  on  the  RCA-designed  rotary  reactor.  A description  of  the 
stress  results  and  deposition  conditions  is  given  in  Table  7. 

Table  7.  Stress  in  CVD  Si02  Films  Deposited  in  Various 
Types  of  Reactors 


CVD 

System 

Deposition 

Temperature 

(°C) 

neposition 
’•  ate 
(R/min) 

Stress 

(dynes/cm^)  x 10^ 

AMS-2000  Continuous 
Silox  Reactor^ 

410 

1,060 

3.1 

PWS  Model  2000  Vapor 
Deposition  System*^ 

450 

10,000 

3.0 

Rotox-60  Reactor^ 

400 

1,000 

2.9 

RCA  Single-Rotation 
Reactor  * 

450 

1,000 

2.7 

*Single-head  nozzle  array  (4  cm  width) 
**Appendix  D 

tFor  addresses  of  manufacturers  see  Appendix  B. 


9.  Effects  of  Densification  on  Stress 

Stress  has  been  measured  on  a 2-ym-thick  CVD  Si02  film  before  and  after 

thermal  densification.  Prior  to  densification  the  film  was  in  tensile  stress. 

9 2 

The  stress  was  calculated  to  be  4 x 10  dynes /cm  . After  densification  of  the 
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film  at  1000  C in  air  for  30  minutes,  the  stress  became  compressive  and  was 

9 2 

calculated  to  be  3.3  x 10  dynes/cm  . Figure  13  shows  the  profiles  of  the 
wafer  before  and  after  densification.  The  inverted  profile  indicates  that  the 
stress  has  changed  from  tension  to  compression. 
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Figure  13.  Profiles  before  and  after  densification  of  a silicon 
wafer  with  a 2-ym-thick  CVD  Si02  layer. 

CVD  PSG  layers  with  very  little  stress  at  room  temperature  have  been  de- 
posited. The  layers  were  9400-8  thick  and  contained  approximately  8.5  wt  % 
ohosphorus.  After  deposition  on  both  190-ym  and  63-ym-thick  silicon  sub- 
strates, no  appreciable  deformation  of  the  substrate  could  be  observed  at  room 
temperature,  thus  indicating  no  room-temperature  stress.  Upon  densification 

of  the  glass  layer  at  1000°C  for  15  minutes  in  09,  the  layer  was  in  corapres- 

9 2 * 

sive  stress  of  1.3  x 10  dynes /cm  . 

The  effects  of  densification  were  also  examined  with  glass-overcoated  ICs 
in  terms  of  microcrack  formation.  The  samples  described  in  Subsection  6 were 
used.  Details  of  the  densification  process  are  discussed  in  Section  V.  Heat 
treatments  at  450 °C  in  steam  and  in  moist  H2-N2  gas  mixture  for  periods  of  up 
to  10  hours  were  applied.  Glassed  CMOS  device  wafers  with  overcoats  of  1.1-ym 
thickness  having  ^ 2 wt  % phosphorus  showed  no  signs  of  crack  formation  after 
the  10-hour  heat  treatment  in  steam.  The  linear  bipolar  ICs  with  2 and  3 wt  % 


phosphorus  PSG  did  show  some  small  cracks  over  the  aluminum  of  the  unusually 
large  capacitors,  indicating  that  excessive  stresses  can  form  in  these  extreme 
cases  of  large  aluminum  areas.  Moist  forming  gas  (10%  H2  + 90%  N^)  was  less 
favorable  than  steam  in  preventing  crack  formation  during  the  extended  450 °G 
heat  treatment. 

10.  Stress  as  a Function  of  Film  Thickness 

Stress  as  a function  of  film  thickness  was  measured  for  CVD  SiC>2  layers 
deposited  at  450°C.  A sequential  deposition  was  carried  out,  and  stress  mea- 
sured at  intervals  of  3200,  6400,  9600,  12,800,  and  16,000  X. 

A plot  of  stress  vs  film  thickness  is  shown  in  Fig.  14.  Stress  remains 
relatively  constant  up  to  16,000  X.  As  one  increases  the  thickness  beyond 
16,000  X,  cracks  form  and  meaningful  values  of  stress  cannot  be  calculated. 


0 15000 
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Figure  14.  Stress  as  a function  of  CVD  Si02  film  thickness. 
Deposition  rate  - 1300  X/min. 


Tests  with  various  types  of  integrated  circuits  showed  that  crackfree  overcoat 
layers  of  PSG  can  be  deposited  to  thicknesses  of  at  least  1.2  ym,  if  the  phos- 
phorus content  is  2 wt  %.  Thicker  layers  require  higher  phosphorus  concentra- 
tions to  avoid  formation  of  defects  due  to  stress.  A layer  of  4 wt  % phosphorus 


at  a thickness  of  2.0  pm  (plus  a top  layer  of  0.1-pm  SiO^)  still  cracked,  in- 
dicating that  the  layer  thickness  is  excessive  for  this  phosphorus  concentra- 
tion. 

11.  Stress  Measurements  at  Elevated  Temperature 

The  total  stress  measured  at  room  temperature  is  a combination  of  the  in- 
trinsic stress  in  the  film  as  deposited  by  CVD  at  elevated  temperatures  and 
the  stress  arising  as  a result  of  mismatches  in  the  thermal  coefficients  of 
expansion  of  the  CVD  film  and  the  silicon  substrate.  Typically,  SiC^  of  PSG 
films  are  in  tension  as  deposited,  for  example,  at  450 °C.  As  the  sample  is 
cooled  to  25°C,  the  coefficient  of  expansion  of  SiC^,  being  lower  than  that  of 
silicon,  results  in  some  reduction  in  the  net  tension  in  the  CVD  film. 

An  experiment  was  conducted  whereby  stress  at  the  deposition  temperature 
of  450°C  for  a 1-pm-thick  layer  Si02  film  on  silicon  substrate  was  measured. 

The  focal  point  method  was  used  for  this  experiment.  The  focal  point  was  mea- 
sured at  both  450 °C  and  room  temperature.  A room- temperature  calculation  of 

stress  was  also  made  by  the  profiling  method,  as  a comparison.  Stress  at  450°C 

9 2 

was  calculated  to  be  4.7  x 10  dynes /cm  , while  at  room  temperature  the  stress 
9 2 

was  2.9  x 10  dynes/cm  . Room-temperature  stress  measured  by  the  profiling 

9 2 

method  was  2.7  x 10  dynes/cm  . Thus,  stress  in  this  particular  CVD  Si02  film 
is  approximately  60%  greater  at  the  deposition  temperature  of  450°C  than  at 
room  temperature. 


F.  CONCLUSIONS 

A number  of  generalizations  can  be  made  concerning  the  effect  of 
deposition  conditions  on  stress  in  CVD  films.  In  particular,  lower  stress 
is  attained  with  lower  deposition  rates,  with  higher  deposition  temperatures, 
and  with  higher  phosphorus  content.  In  some  cases,  lower  oxygen/silane  ratios 
result  in  lower  stress  levels.  Relatively  small  changes  in  the  magnitude  of 
the  residual  stress  at  room  temperature  can  correspond  to  relatively  large 
differences  in  the  incidence  of  cracks  over  large  metal  areas  or  along  the 
edges  of  delineated  metal  films. 

Since  cracking  at  the  edge  of  metal  films  depends  on  many  factors,  in- 
cluding the  angle  of  the  edge  of  the  delineated  metal  areas,  the  size  of  the 
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metal  area,  the  thickness  of  the  metal  film,  and  the  nature  of  heat  treat- 
ments after  metallization,  an  appropriate  technique  for  production  control 
purposes  is  to  perform  selective  aluminum  etch  tests  after  appropriate  heat 
treatments  of  the  wafer.  If  essentially  no  additional  microcracks  form  as 
a result  of  a heat  treatment  step  (50°C  or  more  above  the  maximum  processing 
temperature  of  the  particular  device  type  under  study) , it  can  be  concluded 
that  intrinsic  stresses  during  CVD  were  not  excessively  high. 


V.  POST-DEPOSITION  DENSIFICATION  STUDIES 

A.  INTRODUCTION 

The  physical  properties  of  oxide  and  silicate  glass  layers  deposited  at 
low  temperature  can  generally  be  improved  by  a suitable  densification  treat- 
ment. In  the  absence  of  aluminum  metallization,  this  process  can  be  readily 
carried  out  by  exposing  the  coated  wafers  to  a temperature  of  typically  800°C 
for  a few  minutes  [23].  However,  for  devices  where  such  layers  are  deposited 
as  an  overcoat  over  aluminum  metallization  (as  in  the  typical  and  important 
cases  of  most  ICs  and  multilayer  interconnect  devices) , it  is  impossible  to 
heat  the  devices  above  the  Al-Si  eutectic  temperature  of  577°C  without  causing 
excessive  and  damaging  alloying  of  the  aluminum.  A practical  densification 
temperature  of  450°C  has  been  found  safe,  but  requires  thousands  of  hours  to 
attain  a satisfactory  degree  of  densification,  unless  the  densification  process 
is  catalytically  accelerated  by  suitable  means.  In  this  section  we  report 
experimental  results  of  studies  directed  toward  the  development  of  a practi- 
cal process  to  achieve  this.  Chemical  etch  rate  measurement  was  the  primary 
technique  used  to  monitor  the  progress  of  film  densification. 

Films  of  CVD  SiO„  are  known  to  be  densifiable  at  low  temperatures  [45,46].  I 

z ? 

5 

As  far  as  silicate  glasses  are  concerned,  we  previously  reported  that  for 

i 

vapor-deposited  borosilicate  glass  films,  low-temperature  catalytic  densifica- 
tion involving  use  of  water  vapor  in  the  furnace  ambient  makes  it  possible  to  i 

improve  the  film  properties  to  the  point  where  they  approach  those  of  the  bulk 
glasses  [28],  but  no  data  were  available  for  PSG  films.  We  have  now  found 
that,  under  similar  conditions,  a substantial  degree  of  densification  can  be 
attained  with  CVD  films  of  PSG  in  a reasonable  period  of  time  (on  the  order 
of  several  hours)  at  temperatures  as  low  as  450°C  without  damage  to  the  alumi- 
num metallization,  the  devices,  or  the  structural  or  chemical  properties  of 
the  glass  itself. 

I 

The  results  of  exploratory  studies  using  atomic  hydrogen  or  ultraviolet 
radiation  will  be  briefly  presented,  although  these  agents  have  proven  less 

45]  W.  A.  Pliskin,  in  Semiconductor  Silicon  1973 , H.  R.  Huff  and  R.  R.  Burgess, 

Eds.,  (The  Electrochem.  Soc. , Princeton,  NJ,  1973),  pp.  506-529. 

46.  B.  Swaroop,  in  Thin  Film  Dielectrics , F.  Vratny,  Ed.,  (The  Electrochem. 

Soc. , New  York,  1969) , pp.  407-431. 
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effective  than  thermal,  treatments  in  the  presence  of  water  vapor.  There  were 
reasons  to  expect  that  the  energy  available  by  these  environments  might  be 
sufficient  to  effect  some  degree  of  structural  bond  rearrangements,  resulting 
in  molecular  compaction  and  associated  improvements  in  film  quality  that  might 
be  of  practical  interest.  For  example,  atomic  hydrogen  is  known  from  solid- 
state  studies  [47,48]  to  be  a highly  reactive  species  that  could  well  be 
capable  of  inducing  beneficial  changes  in  the  glass.  Structural  changes  and 
volume  compaction  were  measured  on  SiO^  layers  bombarded  with  ions  and  elec- 
trons [49],  Furthermore,  it  has  been  recently  reported  that  substantial  de- 
grees of  stress  relief  in  silicon  oxide  (SiO)  films  deposited  by  reactive 
sputtering  can  be  attained  by  ultraviolet  irradiation  [50].  Measurements  in 
the  present  work  were  confined  to  isothermal  etch  rate  determination  to  detect 
changes  in  film  density.  Infrared  absorption  spectra  were  taken  in  several 
instances  to  monitor  structural  changes.  Some  degree  of  stress  release  and 
densification  occurs  under  storage  at  room  temperature,  as  will  be  shown. 
High-temperature  (800°C)  densification  is  important  for  analytical  considera- 
tion and  will  be  noted  in  that  connection  in  Section  VIII. 

B.  EXPERIMENTAL  TECHNIQUES 


1.  Film  Deposition 

Uniform  ?SG  films  of  several  compositions  were  deposited  in  the  single- 
rotation reactor  and  by  the  CVD  techniques  described  in  Section  III.  Polished 
and  chemically  cleaned  wafers  of  single-crystal  silicon  were  used  as  substrates. 
For  infrared  absorption  measurements,  float-zone-refined,  oxygen-free  high- 
resistivity  (100  ohm-cm)  silicon  slices  of  0.65-mm  thickness  were  used;  these 
wafers  were  polished  on  both  sides  and  had  an  infrared  transmission  in  the 
670  to  4000  cm  ^ wavenumber  range  of  60%.  Aluminum  metallized  device  wafers 
with  linear  bipolar  ICs  (CA3747)  and  CMOS  ICs  (CD4017A)  were  included  in  the 
deposition  runs.  Each  run  consisted  of  an  assortment  of,  typically,  seven 


47.  B.  E,  Deal,  E.  L.  MacKenna,  and  P.  L,  Castro,  J.  Electrochem.  Soc.  116, 
997  (1969). 

48.  W,  Kellner  and  A.  Goetzberger,  IEEE  Trans.  Electron  Devices  ED-22,  No.  8, 
531  (1975). 

49.  E.  P.  EerNisse  and  C.  B.  Norris,  J.  Appl.  Phys.  45,  5196  (1974). 

50.  I.  J.  Hodgkinson  and  A.  R.  Walker,  Thin  Solid  Films  3J,  185  (1973). 
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wafers  of  5-cm  diameter  to  produce  in  sufficient  number  samples  of  exactly 
identical  films  for  different  tests. 

Films  for  thermal  densification  studies  were  deposited  at  a deposition 
temperature  of  450°C.  The  rate  of  film  deposition  was  2000  R/min,  and  the 
oxygen-to-hydride  ratio  was  kept  constant  at  20:1.  Film  thicknesses  of 
1.0  to  1.2  pm  were  deposited.  Films  of  Si02  used  for  comparison  tests  were 
deposited  under  the  same  conditions. 

Films  for  the  UV  radiation  and  atomic  hydrogen  experiments  consisted,  in 
addition  to  these  above,  of  thinner  layers  (2000  to  3000  R)  deposited  at 
350°C  to  increase  the  sensitivity  of  the  tests.  Films  deposited  at  this 
lower  temperature  have  a lower  density;  small  effects  of  densification  treat- 
ments should  therefore  be  more  readily  measurable.  Thinner  films  should  be 
more  sensitive  in  integrated  etch  tests  if  surface  densification  effects 
.1  would  occur. 

j 

2.  Thermal  Densification  Treatments 

All  thermal  densification  experiments  were  carried  out  at  450°  ± 3°C  in 
resistance-heated  quartz  tube  furnac.  3 with  quartz  substrate  holders.  The 
dimensions  of  the  quartz  tubes  were  5.1  cm  I.D.  x 100  cm  length,  with  con-  | 

J 

stricted  end  caps  to  prevent  backflow  of  air.  The  ambient  gas  flow  and  water  i 

vapor  conditions  used  are  listed  in  Table  8.  The  moist  gases  were  prepared  \ 

by  passing  the  carrier  gas  through  a fritted  glass  filter  type  gas  wash  bottle  j 

maintained  at  25°  to  26°C.  Steam  was  generated  in  an  all-quartz  boiling  flask  j 

with  ground  connector  joints  and  introduced  undiluted  into  the  furnace  tube.  j 

In  the  first  series  of  tests,  3.8  wt  % phosphorus  PSG  films  were  heated  j 

in  moist  forming  gas  (10  vol  % + 90  vol  % N^)  and  in  steam  for  periods  | 

ranging  from  90  seconds  to  100  hours.  | 

In  the  second  series  of  tests,  films  of  SiO_,  2.1  wt  % phosphorus  PSG,  j 

Z I 

and  3.0  wt  % phosphorus  PSG  were  heated  in  all  four  ambients  listed  in  Table  8 | 

for  periods  of  0.1  to  10  hours. 

> Densification  Treatments  Under  UV  Irradiation 

!'■. _ radiation  source  used  in  these  studies  consisted  of  a standard  raer- 
ctUj,  arc  lamp  with  the  outer  glass  envelope  removed  (GE  H3T7,  arc  length 
6.8  cm,  tube  diameter  2.2  cm).  The  lamp  was  operated  at  1750  W,  which  is 
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Table  8.  Ambient  Conditions  During  Thermal 
Densification  at  450°C 


Nominal 

Ambient 


Dry  N2** 
Moist  N„ 


Carrier  Gas 
Purity 
(%) 

99.9995 

99.9995 


Gas  Flow  Rate 
(cm^/min) 


Water* 

Evaporation  Rate 
(cnw  liquid/min) 


<0.002*** 

<0.002*** 


Moist (10%  H2-90%  N2)  >99.996 

Steam*  1 

* Water  used  was  deionized  and  distilled. 
**  High-purity  grade;  water  content  1 ppm. 
***  Water  source  at  25  to  26° C. 


above  its  rated  value,  and  was  positioned  in  front  of  a concave  reflecting 
mirror.  The  emitted  radiation  was  in  the  wavelength  range  of  180  to  1400  mp, 
and  was  collimated  by  two  pairs  of  plano-convex  quartz  lenses  of  10.2-cm 
diameter  with  effective  focal  length  of  7.6  cm,  and  of  7.6-cm  diameter  with 
effective  focal  length  of  10.2  cm.  These  lens  pairs  were  positioned  at  15  cm 
and  28  cm,  respectively,  from  the  source.  The  projected  circular  radiation 
area  was  11.4  cm  in  diameter  with  an  intensity  distribution  of  ±5%.  No 
optical  filters  were  used.  The  incident  radiation  was  normal  to  the  sample 
surface.  One  half  of  each  coated  wafer  was  shielded  from  UV  during  the  irra- 
diation with  a half-wafer  of  silicon  placed  on  top  of  the  sample  wafer. 

In  the  first  series  of  tests,  irradiation  was  conducted  for  a period  of 
65  hours  at  a substrate  temperature  of  47°C  in  room  air.  The  radiation 
source-to-sample  distance  was  35  cm.  In  the  second  series  of  experiments, 

UV  irradiation  was  conducted  at  a substrate  temperature  of  450°C  in  air  for 
an  irradiation  period  of  20  hours.  Radiation  source-to-sample  distance  in 
these  tests  was  47  cm. 

4.  Densification  Treatments  in  Atomic  Hydrogen 

Partly  shielded  film  samples  identical  to  those  described  in  the  UV  tests 
were  exposed  to  atomic  hydrogen  plasma  generated  by  an  rf  glow  discharge  under 
the  following  conditions:  The  reactant  gas  mixture  consisted  of  30  vol  % H2 

plus  70  vol  % Ar  at  a pressure  of  100  mm.  The  target  area  diameter  was  7.5  cm. 
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The  substrate  temperature  was  held  at  approximately  300°C.  Two  rf  potentials 
and  exposure  time  periods  were  used.  The  first  experiment  was  conducted  at 
an  rf  potential  of  350  V for  a period  of  3.25  hours,  the  second  experiment 
was  run  at  150  V for  6.5  hours. 

5.  Changes  in  Film  Properties  during  Room  Temperature  Storage 

All  PSG  films  were  stored  in  desiccators  over  a drying  agent  (activated 
silica  gel  or  Drierite)  at  room  temperature.  Films  of  SiO^  were  stored  under 
the  same  dry  conditions,  and  also  in  room  air  of  high  relative  humidity.  Film 
analyses  were  carried  out  at  intervals,  typically,  from  15  minutes  after  com- 
pletion of  film  deposition  to  several  thousand  hours  of  storage. 


C.  FILM  ANALYSIS 

The  composition  of  the  PSG  films  was  determined  by  the  etch  rate  analyti- 
cal method  described  in  Section  VIII.  The  relative  degree  of  densification 
effectiveness  was  determined  by  chemical  etch  rate  measurements  initially  and 
after  various  periods  of  treatment.  The  isothermal  etch  rate  of  CVD  oxide  or 
glass  film  of  constant  composition  is  a very  sensitive  measure  of  film  density, 
the  etch  rate  decreasing  as  the  density  increases.  Analysis  was  carried  out 
by  partly  masking  each  heat-treated  sample  with  wax,  followed  by  measurement 
of  the  etch  time  [29]  in  P-etch  [2  vol  HNO^  (70%)  + 3 vol  HF  (49%)  + 60  vol 
t^O  dist.]  at  25.0°  ± 0.2°C.  The  wax  was  then  stripped  and  the  film  thickness 
measured  by  interferometric  techniques  using  the  film  wedge  formed  along  the 
masked  area.  Selected  samples  were  checked  by  profilometric  techniques  using 
a Talysurf.  The  etch  rate  was  calculated  in  X/sec. 

Infrared  absorption  spectra  were  obtained  with  a Perkin-Elmer  double- 
beam spectrophotometer  using  the  uncoated  half  of  the  identically  heat-treated 
wafer  in  the  reference  beam.  Evaluation  of  IR  frequency  shifts  and  absorbance 
ratios  of  representative  absorption  bands  was  carried  out  by  techniques  previ- 
ously reported  [23,28,45]. 

Measurement  of  film  stress  and  electrical  measurements  of  the  IC  samples 
were  done  as  explained  in  Sections  IV  and  VI,  respectively. 
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D.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


1.  Thermal  Densification  at  450°C 

The  etch  rate  results  for  the  first  series  of  densifications  in  moist 
forming  gas  and  steam  for  heat  treatment  periods  of  90  seconds  to  100  hours  are 
presented  graphically  in  Fig.  15.  The  resulting  semilog  plots  demonstrate  that 
densification  of  PSG  films  in  steam  for  1 hour  decreases  the  etch  rate  to  58 
percent  of  what  it  was  initially,  and  to  38  percent  in  25  hours.  The  etch  rate 
decreases  uniformly  with  the  logarithm  of  time  up  to  about  10  hours,  and  then 
decreases  more  slowly.  In  wet  forming  gas,  the  corresponding  values  to  which 
the  etch  rate  decreased  are  75  percent  and  60  percent,  respectively.  For 
comparison,  high-temperature  densification  at  8006C  (15  min,  N^)  decreases  the 
etch  rate  to  about  31  percent  of  the  as-deposited  value  (longer  heat  periods 
at  800°C  have  no  significant  additional  effect) . 


Figure  15.  Etch  rate  of  a 3.8  wt  % phosphorus  PSG  film  vs 
densification  time  and  ambient  at  450°C. 


Infrared  absorption  spectra  of  samples  from  the  same  series,  taken  after 

11  time  intervals  over  a heating  period  of  100  hours,  showed  only  small  changes 

from  that  of  the  initial  film.  Changes  in  both  frequency  and  net  absorbance 

were  measured  at  the  positions  of  maximum  absorption  of  hydrogen-bonded  SiOH 

at  about  3650  cm  \ absorbed  H„0  in  the  range  of  3400  to  3300  cm  \ P=0  at 
-1  1 -1 

1335  to  1330  cm  , Si-0  at  1080  to  1060  cm  and  its  secondary  at  830  to 
800  cm  \ The  important  results  are  the  demonstration  that  (1)  moist 
or  steam  at  450°C  do  not  introduce  additional  water  into  the  films  (in  fact, 
some  drying  appears  to  occur) , and  (2)  the  absorbance  intensity  of  the  P=0  band 
remains  constant,  indicating  that  no  less  occurs  during  heating.  Frequency 
shifts  of  absorption  maxima  were  too  small  (within  the  error  of  analysis)  to 
resolve  quantitatively;  however,  the  most  pronounced  changes  appear  to  have 
occurred  in  the  first  3 minutes  of  humid  heat  treatment  at  450°C.  The  frequency 
of  the  secondary  Si-0  band  shifted  from  an  initial  wave  number  of  830  cm  ^ 
to  810  cm  for  moist  forming  gas,  and  to  805  cm  ^ for  steam,  and  then  remained 
essentially  constant  to  100  hours. 

The  second  series  of  thermal  densification  experiments  was  carried  out 
under  all  four  conditions  listed  in  Table  8 using  films  of  Si02,  2.1  wt  Z 
phosphorus  PSG,  and  3.0  wt  % phosphorus  PSG.  All  three  types  of  films  were 
heat-treated  simultaneously  for  direct  comparison.  Etch  rate  measurements  were 
done  after  treatment  periods  of  0.1  to  10  hours,  periods  of  time  that  are  of 
practical  Interest  in  device  processing.  The  results  obtained  are  presented 
in  Figs.  16  to  19.  The  initial  etch  rate  (time  zero)  is  the  etch  rate  just 
before  the  start  of  each  densification  experiment;  it  varies  slightly  for  each 
type  of  treatment  because  the  samples  had  to  be  stored  for  various  lengths  of 
time  until  use.  The  etch  rate  of  all  samples  decreases  linearly  with  the 
logarithm  of  heating  time  for  all  four  ambient  conditions.  The  rate  of  de- 
crease depends  on  both  the  ambient  conditions  and  film  type.  Moist  nitrogen 
and  moist  forming  gas  effect  a considerably  greater  rate  of  decrease  than 
dry  nitrogen.  Steam  ambient,  in  turn,  effects  a still  greater  rate  of  decrease 
than  the  moist  gases,  but  for  the  PSG  films  only;  the  rate  for  SiC^  is  nearly 
the  same  within  the  period  of  0.1  to  10  hours,  but  the  drop  from  the  initial 
etch  rate  within  the  first  6 minutes  is  greater. 

Actual  and  normalized  etch  rates  for  the  10  hours  of  heat  treatment  are 
summarized  in  Table  9 to  facilitate  numerical  comparison  between  the  various 
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treatments  for  all  films.  Also  listed  are  actual  and  normalized  values  for 
the  rate  of  densif ication  in  terms  of  etch  rate  decrease  per  hour  of  densifica- 
tion  treatment. 

The  effects  tf  these  treatments  on  film  stress  and  structural  integrity 
have  been  described  in  Section  IV.  Electrical  measurements  (channel  leakage, 
interelectrode  and  junction  currents;  breakdown  and  MOS  threshold  voltages; 
CV-BT)  indicate  that  the  electrical  performance  of  both  linear  bipolar  and 
CMOS  ICs  glassed  with  PSG  overcoats  is  not  at ’eteriously  affected  to  a signifi- 
cant degree  by  the  steam  or  moist  gas  heating  treatment  at  450°C,  even  in 
periods  of  up  to  10  hours.  Details  of  these  measurements  are  described  in 
Section  VI. 

2.  Studies  Involving  UV  Irradiation 

The  results  obtained  in  the  attempted  glass  densification  at  elevated 
temperature  using  high- intensity  UV  radiation  as  an  accelerator  were  negative. 
Corrections  had  to  be  made  for  the  temperature  increase  in  the  shielded  sample 
area,  which  caused  an  increase  in  the  rate  on  densification.  Evaluation  of  the 
etch  rate  data  shoxred  that  UV  irradiation  caused  no  measurable  difference  in 
densification.  Infrared  absorption  spectra  and  metallurgical  microscopy  also 
showed  no  measurable  changes  in  structure  or  composition  of  the  films.  Elec- 
trical analysis  of  the  overcoat  passivated  ICs  showed  only  small  changes, 
similar  to  those  observed  during  thermal  desif ication  at  450°C. 

3.  Densification  in  Atomic  Hydrogen  Plasma 

Results  obtained  using  atomic  hydrogen  plasma  generated  by  an  rf  glow 
discharge  as  a densifying  agent  proved  partly  successful.  Etch  rate  measure- 
ments showed  a consistent  20%  decrease  in  the  case  of  the  exposed  portion  of 
the  sensitive  2900-X-thick  SiC^  films,  and  a smaller  decrease  in  the  thicker 
Si02  films,  indicating  that  a moderate  degree  of  densification  can  be  achieved 
by  this  method. 

It  should  be  noted  that  all  samples,  Including  quartz  and  glass  monitor 
plates,  became  coated  during  these  treatments  with  a thin,  semiconductive, 
brownish  film  that  was  insoluble  in  concentrates  HC1,  HNO^,  NH^OH,  and  hot 
aqueous  ^Oj-NH^OH  but  was  soluble  in  aqua  regia.  Auger  electron  spectroscopic 
analysis  showed  that  the  film  consisted  of  a tungsten  compound  (28  at  % W, 
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30  at  % C,  17  at  % 0,  7 at  % N,  'vlS  at  % miscellaneous)  and  has  apparently 
originated  from  the  tungsten  heater  filaments.  The  film  was  removed  prior  to 
the  etch  rate  analyses. 


4.  Film  Changes  During  Storage 


We  have  known  for  a long  time  that  the  chemical  etch  rate  of  CVD  dielec- 
tric films  immediately  after  deposition  is  different  from  that  measured  some 
time  later.  Observations  reported  in  the  literature  have  indicated  similar 
changes  in  etch  rate,  depending  on  storage  conditions.  These  changes  are 
apparently  due  to  ambient-sensitive  hydration-dehydration  reactions  accompanied 
by  densification  effects  and  partial  stress  release.  The  degree  of  change  must 
be  taken  into  account  in  compositional  analysis  based  on  etch  rate,  unless  the 
samples  are  first  densified  (800°C)  to  eliminate  these  effects,  but  this  is 
often  not  readily  possible  (i.e.,  analysis  of  mounted  IC  pellets).  The  work 
reported  here  is  the  first  attempt  to  systematically  examine  the  etch  rate 
changes  as  a function  of  time  under  controlled  storage  conditions. 

Results  derived  from  isothermal  etch  rate  measurements  of  typical  films 


of  CVD  SiC^  and  PSG  are  summarized  in  Table  10.  These  results  were  obtained 


from  data  collected  over  a period  of  15  minutes  after  film  deposition  to  2500 
hours  of  storage  of  the  films  at  room  temperature  in  dry  air.  The  plots  of  the 
etch  rate  vs  log  time  were  straight  .lines  whose  slope  represents  the  rate  of 
densification.  The  values  for  the  measured  etch  rate,  the  normalized  etch  rate. 


and  the  rate  of  densification  stated  in  Table  10  were  read  from  the  curves  of 


best  fit  through  the  data  coordinates.  They  show  that  the  rate  of  densification 
at  room  temperature  is  linear  with  the  logarithm  of  time  (as  at  higher  tempera- 
ture) , that  the  rate  of  densification  is  about  6 times  greater  for  SiO^  than 
for  4 wt  % phosphorus  PSG,  and  that  the  absolute  density  increase  (in  terms 
of  etch  rate  decrease)  is  also  greater  for  SiC^  than  PSG  (i.e.,  15%  vs  8%  in 
25  hours;  29%  vs  18%  in  2500  hours). 

Analogous  analysis  of  PSG  film  compositions  of  phosphorus  concentrations 
intermediate  to  those  given  in  Table  10  (2  and  3 wt  % phosphorus)  have  shown 
behavior  similar  to  that  of  the  4 wt  % phosphorus  PSG  listed.  We  also  found 
that  films  deposited  under  different  CVD  conditions  behave  differently  during 
storage  at  room  temperature.  For  example,  PSG  films  of  similar  phosphorus 
content,  but  deposited  at  greatly  different  oxygen-to-hydride  ratios,  exhibited 


different  rates  of  densification.  Some  of  these  effects  can  be  associated  with 
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Table  10.  Summary  of  Results  on  Long-Term  Room- 
Temperature  Densification 


i 

[ 


Parameter  Film 

Thickness 

(pm) 


Film 

Composition 
(wt  % P) 


Unit 


Storage  Time  in  Dry  Ambient 
(hr) 


0.25  2.5  25  250  2500 


Etch  Rate1  0.97 
in  P-etch 
at  25.0°C 


4.1 


&/sec  60.0 
Norm. 2 1.00 

% Deer.3  0 


55.6  51.3  47.0  42.7 

0.93  0.85  0.78  0.71 

7.0  15  22  29 


1.00  0 £/sec  19.2  18.4  17.6  16.7  15.8 

Norm.  1.0  0.96  0.92  0.87  0.82 

% Deer.  0 4.0  8.0  13  18 


Etch  rate  is  an  inversely  proportional  measurement  of  densification, 
decreasing  as  density  increases . Values  are  taken  from  semilog  plots 
of  best  fit. 

2 

Etch  rates  are  normalized  to  0.25-hour  values. 

3 

% Decrease  shows  exponential  decrease  of  etch  rate  with  time  starting 
with  0.25-hour  value. 


59 


the  different  rates  of  film  deposition  resulting  from  different  C^-to-CSiH^  + 
PH„)  ratios,  as  explained  in  Section  III.  Different  deposition  rates  give 
films  of  varying  density,  which  in  turn  exhibit  different  etch  rates. 

To  study  these  parameters  more  closely,  the  less  complicated  Si02  films 
were  used.  The  effect  of  storage  in  humid  laboratory  air  (^50  to  60%  R.H.) 
on  the  etch  rate  has  been  measured  as  a function  of  substrate  temperature  of 
deposition  and  rate  of  film  growth  at  fixed  02~to-SiH^  ratio  (18:1).  These 
data  are  presented  in  Table  11;  both  measured  and  normalized  etch  rates  are 
shown.  The  results  show  that  the  film  deposition  rate  at  450°C  has  a pronounced 
effect  on  the  etch  rate,  the  etch  rate  increasing  with  deposition  rate.  The 
initial  etch  rate  increases  from  a low  of  21.3  R/sec  for  a film  deposited  at 
400  R/min  to  23.3  R/sec  for  an  intermediate  deposition  rate  of  2000  R/min,  and 
to  25.2  R/sec  for  a film  grown  at  the  high  rate  of  7000  R/min.  All  three  etch 
rates  decrease  exponentially  with  time  at  about  the  same  rate,  as  seen  from 
Fig.  20. 


Etch  rate  as  a function  of  air  storage  time  of  Si02  films 
deposited  at  450°C  at  low,  medium,  and  high  rates. 


SiC^  films  deposited  at  the  intermediate  rate  but  at  lower  temperatures 
(300°,  375°C)  had  lower  Initial  etch  rates  than  the  450°C  film  (contrary  to 
what  was  expected) , but  the  decrease  with  time  was  distinctly  slower.  It  also 
should  be  pointed  out  that  the  etch  rates,  both  initially  and  after  storage, 
shown  in  Table  11  are  somewhat  higher  than  those  observed  for  films  prepared 
in  subsequent  work  under  similar  conditions.  This  effect  may  be  due  to  small 
differences  in  CVD  conditions  that  are  not  fully  understood.  Nevertheless, 
the  results  obtained  demonstrate  the  general  behavior  and  the  magnitude  and 
the  time-exponential  function  of  the  etch  rate  decrease  with  time  under  room- 
temperature  conditions. 

E.  CONCLUSIONS 

(1)  CVD  PSG  and  SiC^  films  can  be  densified  to  a substantial  extent  by  heating 
for  several  hours  at  450°C  in  gaseous  ambients  containing  water  vapor  as 
catalyst,  as  evidenced  by  isothermal  etch  rate  measurements. 

(2)  The  treatments  do  not  introduce  water  vapor  into  the  films;  in  fact,  less 
water  tends  to  be  present  after  densification  treatments  (even  in  steam 
at  450°C)  than  was  initially  present  after  CVD,  as  confirmed  by  infrared 
spectroscopic  measurements. 

(3)  No  microcracks  or  other  observable  defects  are  introduced  in  these  treat- 
ments in  typical  PSG  (but  not  Si02)  films  of  up  to  at  least  1.2-pm  thick- 
ness, deposited  on  silicon  or  over  aluminum-metallized  linear  bipolar  or 
CMOS  ICs,  as  shown  by  microscopic  examination  and  selective  aluminum 
etching. 

(4)  No  significant  changes  in  properties  resulted  in  PSG-overcoat  passivated 
linear  bipolar  or  CMOS  ICs  during  these  treatments  for  periods  up  to  at 
least  10  hours  at  450°C  (including  steam). 

(5)  No  densification  effects  were  detectable  in  Si02  and  PSG  films  on  exposure 
to  high-intensity  ultraviolet  radiation  in  room  air  at  elevated  tempera- 
ture. 

(6)  Exposure  to  atomic  hydrogen  plasma  at  elevated  temperature  in  low-pressure 
H^-Ar  led  to  a moderate  degree  of  densification  in  the  more  sensitive  Si02 
films. 

(7)  Room-temperature  storage  of  Si02  and  PSG  films  in  dry  or  humid  air  leads 
to  an  etch  rate  decrease  due  to  densification,  and  to  stress  release 
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effects.  Measurements  taken  at  intervals  of  15  minutes  after  CVD  to 
over  a thousand  hours  of  storage  have  demonstrated  that  the  etch  rate 
decreases  linearly  with  the  logarithm  of  time,  analogous  to  the  effects 
observed  at  higher  temperatures.  In  all  cases,  the  rate  and  absolute 
level  of  decrease  depend  on  the  phosphorus  content  of  the  films,  the  CVD 
conditions,  and  the  densification  conditions. 

(8)  High-temperati  a treatments  (800°C,  of  T>SG  and  SiO^  films  decrease 
their  etch  rates  rapidly  (within  15  minutes)  to  a level  lower  than 
obtainable  at  450°C  in  steam  for  many  hours.  The  etch  rate  beyond  this 
period  of  heat  treatment  remains  essentially  constant.  The  degree  of 
densification  attained  by  this  heat  treatment  diminishes  as  the  phosphorus 
concentration  increases.  The  largest  degree  of  densification  results  at 
0 wt  % phosphorus  (pure  SiC^) , namely,  about  4-fold  in  terms  of  etch  rate. 
The  two  curves  converge  at  about  15  wt  % phosphorus  (17  mol  % P2°5^ » 
eating  no  additional  densification  on  heating  films  of  this  and  higher 
phosphorus  content.  The  high  phosphorus  content  apparently  yields  a 
high-density  film  as-deposited  at  450°C.  Application  of  high-temperature 
densification  is  of  great  practical  importance  in  analytical  work,  and  is 
discussed  further  in  Section  VIII. D.l. 
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VI.  ELECTRICAL  PROPERTIES  OF  CVD  Si02  AND  PSG  LAYERS 


A.  INTRODUCTION 

Si02  and  phosphosilicate  glass  (PSG)  are  important  materials  in  silicon 
device  passivation  [1].  Thin  layers  of  PSG  (hundreds  of  angstroms)  have  been 
described  as  useful  for  sodium-get tering  under  gate  metal  of  MOS  devices  [51-53], 
Thin  layers  must  be  used  to  avoid  instabilities  due  to  PSG  polarization 
[52,54-56].  For  over-metal  passivation  of  ICs,  thicker  layers  (about  10^  &) 
c.„n  be  used  (since  polarization  of  the  PSG  is  unimportant  in  this  c.oometry) . 
Generally,  over-metal  layers  are  deposited  by  chemical  vapor  deposi r . on  (CVD) 
[22-24,35].  The  phosphorus  addition  lowers  intrinsic  stress  over  aluminum 
metal  and  provides  sodium  gettering  capability  [25],  which  is  particularly  use- 
ful in  plastic  packaged  devices.  In  addition,  the  passivating  glass  over  metal 
provides  important  scratch  protection  during  the  device  production  process 
[57]  and  serves  as  insulating  protection  against  loose  conducting  particles 
in  hermetic  packages  [58] . 

The  bulk  and  surface  electrical  properties  of  CVD  passivation  over  metal 
are  important  in  understanding  sodium-get tering  [53,59],  device  leakage  as 
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affected  by  lateral  charge  spreading  [60-65],  metal  corrosion  [66-69],  and 
moisture  effects  [68-69]. 

In  this  Section,  measurements  of  bulk  conductivity' as  a function  of  water 
uptake  and  temperature,  and  surface  conductivity  as  a function  of  relative 
humidity  (RH)  are  reported  for  CVD  Si02  and  CVD  PSG.  The  data  are  used  in 
estimating  electrical  and  moisture  effects  typical  for  ICs.  In  the  last  Sub- 
section (VI. G.),  we  report  and  discuss  other  electrical  properties.  All  elec- 
trical test  conditions  refer  to  dc  bias. 

B.  SAMPLE  PREPARATION  FOR  CONDUCTIVITY  EXPERIMENTS 

The  glass  layers  were  deposited  on  degenerate  n-type  (0.01  ohm-cm)  silicon 
wafers  at  450°C  at  a growth  rate  of  about  1000  8/min  to  a total  thickness  of 
1 pm,  using  a reactor  described  by  Kern  [35,70].  Phosphorus  concentrations 
are  0,  4.8,  and  8.5  wt  % phosphorus  in  the  glass.  No  post-deposition  heat 
treatments  were  applied. 

Aluminum  was  evaporated  to  a thickness  of  8700  % on  the  surface  of  the 
CVD  layers  and  delineated  by  photolithography  into  an  interaigitated  elec- 
trode pattern  (shown  in  Fig.  38,  Section  VII).  By  proper  electrical  connection, 
this  pattern  allows  measurement  of  bulk  conductivity  through  the  glass  between 
one  aluminum  surface  electrode  and  the  silicon  wafer,  with  the  other  surface 
electrode  acting  as  a partial  guard  band,  or  it  allows  measurements  of  surface 
conduction  between  the  two  surface  electrodes.  The  interdigitated  pattern  has 

_3 

an  electrode  spacing  of  1.3  x 10  cm,  an  effective  electrode  width  of  0.23 

-3  2 

cm,  and  an  electrode  area  (used  for  bulk  measurements)  of  10  cm  . 
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The  wafers  were  subdivided  into  pellets  containing  four  interdigitated 
patterns  each,  and  some  pellets  were  mounted  on  TO-5  headers  without  hermetic 
cover  for  bulk  measurements.  This  provided  convenient  handling  and  circuit 
connection  and  allowed  exposure  to  steam.  On  each  header-mounted  pellet, 
three  surface  electrode  pairs  were  connected  to  leads  by  means  of  bonded  wires, 
and  one  connection  was  provided  to  the  silicon  substrate.  Other  pellets  were 
not  mounted  on  headers  but  were  tested  "as  is"  in  a probe  station  for  both 
bulk  and  surface  measurements.  Conductive  silver-epoxy  pastes  were  used  as 
back  electrodes  in  all  cases. 

C.  MEASUREMENT  AND  TEST  PROCEDURE 


1.  Bulk  Electrical  Conductivity 

In  all  electrical  measurements,  a Keithley  602  or  610B  electrometer  was 
used,  and  a strip  chart  recorder  continuously  monitored  the  current. 

Preliminary  measurements  of  bulk  and  surface  current  as  a function  of 
voltage,  temperature,  ambient  (air  or  N2  with  varying  relative  humidity) , and 
autoclave  exposure  time  (in  steam  at  15  psig,  121°C)  established  the  following: 

(1)  In  dry  N2  ambient,  measurements  of  current  flow  between  one  sur- 
face electrode  and  the  silicon  substrate  could  be  made  without  surface  current 
contributions,  thus  permitting  measurement  of  bulk  properties  of  the  glass. 

(2)  In  most  cases  the  time  rate  of  change  of  current  decreased  10 

to  lOOx  one  minute  after  voltage  application  compared  with  initial  values, 
and  after  one  minute,  the  current  level  was  approximately  linear  with  voltage, 
in  the  voltage  range  from  50  to  200  V.  Little  dependence  on  polarity  was 
observed. 

(3)  Leakage  current  of  the  TO-5  header  itself  was  negligible. 

Based  on  these  preliminary  results,  a test  procedure  was  established 

and  carried  out  as  follows: 

(1)  The  current  between  one  surface  contact  and  the  substrate  was 
measured  in  dry  N2  flow  at  100  V.  The  current  level  one  minute 
after  voltage  application  was  selected  for  evaluation. 

(2)  Measurements  were  done  at  three  temperatures:  20°,  60°,  and  95°C. 

Initially,  all  chips  used  were  measured  at  the  three  temperatures. 
After  autoclave  stress  treatment,  each  chip  was  measured  at  only 
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one  of  the  three  temperatures  for  all  succeeding  measurements. 

In  the  data  to  be  presented,  each  data  point  at  0 hour  autoclave 
time  represents  an  average  of  24  measurements,  while  each  data 
point  after  autoclave  exposure  represents  an  average  of  eight 
measurements . 

(3)  The  samples  were  placed  in  the  steam  phase  of  the  autoclave  with 
a cover  arrangement  to  minimize  condensate  dripping.  Exposure  was 
usually  five  hours  at  a time,  with  current  measurements  made  at 
the  end  of  each  stress  period.  After  removal  from  the  autoclave 
the  samples  were  dried  for  five  minutes  in  dry  Ng  flow  at  room 
temperature  to  remove  surface  water,  and  the  measurements  were 
done  immediately  thereafter.  The  current  was  measured  in  a small 
oven  whose  temperature  was  continuously  monitored;  variation  was 
less  than  +2°C. 

2.  Surface  Electrical  Conductivity 

For  these  measurements  the  pellets  were  placed  in  a probe  station  to 
which  mixtures  of  dry  and  wet  ^ were  admitted  to  achieve  controlled,  variable 
relative  humidity.  All  these  measurements  were  done  at  23°  +2°C,  and  no  auto- 
clave stress  was  used.  Two  probes  were  used  to  contact  the  interdigitated 
patterns  on  the  pellet,  and  the  four  patterns  on  each  pellet  were  measured  at 
100  V.  The  substrate  was  grounded.  Again,  the  1-min  current  level  was 
chosen  for  analysis. 

D.  EXPERIMENTAL  RESULTS 
1 . Bulk  Conductivity 

The  time  dependence  of  the  current  after  voltage  application  depends  on 
the  presence  of  phosphorus.  For  Si02  the  current  increases  slowly  to  a steady- 
state  value,  while  with  the  4.8  and  8.5  wt  % phosphorus  samples  the  current 
decreases  after  voltage  application.  This  behavior  is  shown  in  Fig.  21. 

As  mentioned  previously,  currents  at  1 minute  are  chosen  for  evaluation  in  all 
succeeding  analyses.  For  all  samples,  evidence  of  a polarization  process 
exists.  If  the  sample  is  short-circuited  after  , voltage  application,  a reverse 
current  is  measured  for  several  minutes. 
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Figure  21.  Time  dependence  of  current  in  PSG  and  Si02  samples. 

At  95°C  the  current  in  the  Si02  sample  decays  upon  reaching  a maximum 
value  after  the  initial  slow  increase.  The  decay  lasts  more  than  one  hour,  and 
at  the  end  of  one  hour  it  has  decayed  to  25%  of  its  peak.  For  the  PSG  at  all 
temperatures  the  decay  also  continues  for  at  least  one  hour,  and  the  current 
decreases  about  an  order  of  magnitude  from  the  1-min  level.  Current  levels  at 
one  minute  were  used  for  analysis  for  convenience. 

As  expected,  the  bulk  current  increases  with  cumulative  steam  exposure. 

The  0 wt  % and  4.8  wt  % phosphorus  samples  show  an  initial  bulk  conductivity 
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increase  which  saturates  at  about  10  hours  of  moisture  exposure.  The  8.5  wt  % 
samples  show  a smaller  initial  conductivity  increase  followed  by  a second  in- 
crease at  about  20  hours.  After  20  hours  the  conductivity  of  the  8.5  wt  % 
samples  is  generally  higher  than  that  of  the  0 wt  % and  4.8  wt  % samples. 

This  general  dependence  was  found  at  all  three  measurement  temperatures.  A 
typical  case  is  shown  in  Fig.  22. 

The  dependence  of  the  current  level  on  the  phosphorus  concentration 
varies  with  autoclave  time.  Before  autoclave  stress,  the  current  of  the  phos- 
phorus-containing glass  is  lower  than  that  of  the  phosphorus-free  glass  (Si02) • 
This  is  shown  in  Fig.  23  for  three  temperatures.  After  10  hours  of  steam  ex- 
posure, the  current  is  greatest  for  the  4.8  wt  % sample  and  lowest  for  the 
8.5  wt  % sample,  as  shown  in  Fig.  24.  After  25  hours,  Fig.  25  shows  that  the 
current  level  increases  with  increasing  phosphorus  content. 

The  temperature  dependence  of  the  current  is  different  for  the  Si02  as 
compared  with  the  phosphorus-containing  glass.  As  shown  in  Figs.  26  to  28, 
the  current-temperature  dependence  of  the  Si02  is  well  characterized  by  a 
single  activation  energy  of  0.6  eV,  and  this  energy  is  independent  of  auto- 
clave exposure.  The  current  level  increases  with  autoclave  exposure,  but  the 
activation  energy  is  unchanged.  The  phosphorus -containing  glass  before  auto- 
clave stress  has  an  activation  energy  of  0.8  eV,  independent  of  phosphorus  con- 
centration, as  shown  in  Fig.  26.  After  steam  exposure,  the  activation  energy 
tends  to  decrease  for  these  samples,  as  shown  in  Figs.  27  and  28,  and  in  some 
cases  a thermally  activated  process  is  not  indicated. 

For  the  8.5  wt  % phosphorus  samples  after  long  autoclave  exposure,  it  was 
found  that  a decrease  in  measured  conductivity  occurred  for  the  elevated  tem- 
perature measurement  due  to  the  several-minute  delay  between  placing  the  sample 
in  the  oven  and  performing  the  current  measurement.  This  was  at  most  a de- 
crease of  40%  and  has  little  effect  on  the  activation  energy  determinations. 


2.  Surface  Conductivity 

The  current  at  23 °C  is  constant  and  very  low  below  about  30%  RH  and  begins 
to  increase  above  chat  value.  Below  30%  RH  the  current  reflects  bulk  contri- 
butions. The  SiO,,  above  30%  RH  has  a greater  surface  current  than  the  PSG 
samples  as  shown  in  Fig.  29,  at  least  up  to  about  70%  RH. 
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Figure  24.  Effect  of  phosphorus  concentration  on  current 
and  conductivity  at  three  different  tempera- 
tures after  10-hr  exposure  to  steam. 


CURRENT  (A) 


GLASS  COMPOSITION  ( WT  °/o  P) 


Figure  25.  Effect  of  phosphorus  concentration  on  current  f 

and  conductivity  at  three  different  tempera-  I 

tures  after  25-hr  exposure  to  steam.  | 
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Figure  26.  Temperature  dependence  of  current  and 

conductivity  as  a function  of  temperature 
for  Si02  and  PSG  samples. 


CONDUCTIVITY 


vl 


io  * 


Ea«0.6  «V 


k -10 

j*  I 0 


-II, 
I 0 


-12 

jo  L 

2.7 


4.8  WT  Vo  P n 


Ea«  0.6  «V 

V A 


8.  5 WT  V.P 


Ea-  0.5  «V 


2.8  2.9  2 

1000  /T  ( °K~I ) 


Figure  27.  Temperature  dependence  of  current  and 

conductivity  as  a function  of  temperature 
for  Si02  and  PSG  samples  after  10-hr 
exposure  to  steam. 
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Figure  29.  Current  as  a function  of  relative  humidity 
for  SiO^  and  PSG  samples. 


3.  Effect  of  Cracks  in  PSG 


In  a separate  experiment  the  effect  of  cracks  in  PSG  over  metal  was  de- 
termined. An  aluminum  line  pair  pattern  on  thermal  SiCL  with  an  electrode  gap 
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of  1.0  x 10  cm  and  a line  length  of  7.5  x 10  cm  was  overcoated  with  about 

-4 

1.0  x 10  cm  of  5 wt  % phosphorus  PSG.  In  humid  nitrogen  (RH  60%)  the  current 

-13 

at  100  V between  line  pairs  was  determined  to  be  about  5 x 10  A.  Probes 


were  then  used  to  crack  the  glass  over  each  of  the  metal  line  pairs,  and  the 

current  level  increased  to  about  5 x 10  ^ A.  Upon  introducing  a dry  nitrogen 
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ambient,  the  current  decreased  to  about  10  A. 


E.  DISCUSSION  OF  CONDUCTIVITY  EXPERIMENTS 


1.  Conductivity  and  Activation  Energies 

The  difference  in  time  dependence  of  the  bulk  current  between  the  Si02 
and  PSG  samples  and  the  fact  that  before  autoclave  stress  the  Si02  conductivity 
is  higher  than  that  of  the  PSG  suggest  that  sodium  ion  motion  in  the  Si02  ac- 
counts for  all  or  a large  part  of  the  observed  current.  CVD  Si02  films  fre- 
quently have  high  sodium  content  [62] . Sources  of  sodium  in  the  films  discussed 
here  are  not  known,  but  are  probably  numerous  since  sodium-free  aluminum  was 
not  used  and  clean  MOS  fabrication  procedures  were  not  followed. 

The  long-term  steady-state  value  of  current  in  the  SiC>2  samples  (greater 
than  that  of  the  PSG)  suggests  a large  reservoir  of  sodium  at  the  aluminum 
contact  interface  or  at  the  silicon  interface.  This  large  reservoir  contri- 
butes a constant  release  rate  of  charge  which  results  in  a constant  current. 

At  95°C  the  release  rate  is  high  enough  that  an  effective  decrease  in  the  re- 
servoir is  observed,  leading  to  a gradually  decreasing  current.  For  the  PSG 
samples,  sodium  motion  is  blocked  so  that  the  currents,  before  autoclave  mois- 
ture is  introduced,  are  lower. 

The  activation  energy  of  the  bulk  conductivity  for  the  Si02  layer  does 

not  change  with  moisture  content.  The  value  of  0.6  eV  may  be  compared  with 
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that  of  0.5  eV  for  thermal  Si02  contaminated  with  1.0  x 10  Na/cm  [53],  and 
with  0.6  eV  (thermal  oxide)  previously  reported  [71] . It  should  be  pointed  out 
that  activation  energies  of  sodium  motion  in  Si02  and  PSG  depend  both  on  sodium 
concentration  and  phosphorus  concentration  [53].  The  0.8-eV  activation  energy 
for  PSG  before  autoclave  exposure  is  also  in  the  range  reported  previously  for 
sodium  drift  in  PSG  [52,53]. 

For  thermal  Si02  at  200°C,  resistivity  values  of  2 x 10^  and  5 x 10^ 
otun-cm  have  been  reported  for  phosphorus-doped  and  undoped  layers,  respective- 
ly [54].  Extrapolation  of  data  in  Fig.  26  to  200°C  yields  about  5 x 10^ 


71.  M.  Kuhn  and  D.  J.  Silversmith,  J.  Electrochem.  Soc.  118,  966  (1971). 
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ohm-cm  for  both  phosphorus-doped  and  undoped  CVD  SiC^.  CVD  PSG  films  are  less 
dense  and  have  higher  etch  rates  than  densified  PSG  films  of  similar  composi- 
tion [23],  and,  thus,  greater  conductivities  might  be  expected  in  low-tempera- 
ture CVD  films. 

As  pointed  out  previously,  the  SiC^  is  more  conducting  than  the  PSG  before 
autoclave  exposure.  With  sufficient  autoclave  exposure  the  PSG  layers  are 
more  conducting  than  the  SiC^*  Note  that  the  SiO^  and  4.8  wt  % phosphorus  PSG 
currents  increase  to  a saturation  value  in  about  10  hours  of  steam  exposure, 
while  the  8.5  wt  % phosphorus  PSG  layer  increases  in  two  steps  to  a saturation 
value  at  about  25  hours.  These  times  are  functions  not  only  of  the  glass 
properties  but  also  of  the  sample  and  electrode  geometry.  In  the  test  samples 
used  in  this  study,  water  must  penetrate  the  glass  surface  and  diffuse  later- 
ally under  the  metal  to  result  in  current  increase.  For  PSG  used  as  over- 
metal passivation  on  an  IC  it  is  expected  that  moisture  penetration  into  the 
PSG  would  be  faster  under  the  same  conditions  we  describe. 

The  much  greater  increase  of  conductivity  after  autoclave  exposure  of  the 
PSG  as  compared  with  that  of  the  Si02  is  not  unreasonable  in  view  of  possible 
phase  segregation  of  the  PSG  into  small  pockets  of  a phosphorus-rich  phase  in 
a SiC>2  matrix  [72] . The  presence  of  two  phases  furnishes  interface  paths  for 
water  penetration  and  enhanced  electrical  conduction.  At  high  autoclave  steam 
temperatures  (200°C)  it  has  been  reported  [73]  that  the  P2°5  *s  actuaHy  leached 
out  of  the  PSG,  leaving  behind  a network  structure  [73] . The  authors  state 
that  this  does  not  occur  at  120°C  [73] . Phosphorus  leaching  into  saturated 
water  vapor  at  120°C  has  been  reported  [74]  for  PSG  films  of  high  phosphorus 
content  (about  10  mol  % P-0,-  for  films  deposited  at  450°C) . This  leaching  out 
is  easily  detected  by  microscopic  examination  [73] . None  of  the  samples  con- 
sidered here  showed  this  effect.  In  addition,  IR  absorption  measurements 
showed  no  decrease  in  phosphorus  content  after  autoclave  exposure  at  121°C. 


72.  P.  F.  Schmidt,  W.  vanGelder,  aiid  J.  Drobek,  J.  Electrochem.  Soc.  115,  79 
(1968) . 

73.  J.  Sato,  Y.  Ban,  and  K,  Maeda,  9th  Ann.  Proc.  Reliability  Physics,  96 
(1971) . 

74.  N.  Nagasima,  H.  Suzuki,  K.  Tanaka,  and  S.  Nishida,  J.  Electrochem.  Soc. 
121,  434  (1974). 

*See  Section  VIII.  D.6. 


2.  Surface  Current 
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! 

The  behavior  of  the  surface  current  in  Fig.  29  is  consistent  with  the 
presence  of  sodium  on  the  surface  and  with  previous  results  [63].  At  low  RH 
(below  about  70  percent)  the  phosphorus  blocks  sodium  ion  motion  in  contrast 
to  the  SiO,  samples.  The  large  scatter  from  sample  to  sample  above  ^80%  RH  may 
reflect  the  presence  of  more  than  a monolayer  of  water  and  widely  varying 
sodium  contamination  of  the  surface  from  sample  to  sample. 

3.  Leakage  Effects  in  ICs 

In  this  section,  a worst-case  estimate  of  leakage  current  for  a typical 
IC  in  plastic  will  be  made,  based  on  the  highest  bulk  and  surface  conductiv- 
ities described  previously.  These  values  are  those  after  25  hours  of  autoclave 

treatment  with  current  measured  at  953C.  For  the  typical  IC  we  assume  the 
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following  geometry:  electrode  gap  of  2 x 10  cm,  length  of  0.1  cm,  and  metal 
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line  width  of  10  cm.  A metallization  overcoat  of  5 x 10  cm  of  8.5  wt  % 

PSG  is  also  assumed.  Figure  30  shows  the  possible  current  paths  in  a schema- 
tic IC  cross  section.  Path  c is  an  interface  path  between  the  thermal  oxide 
and  the  PSG  interface.  This  current  contribution  is  neglected.  Path  A repre- 
sents the  bulk  conduction  through  the  PSG  between  buried  metal  lines.  Paths 
B and  b represent  the  bulk  and  surface  components  of  the  surface  path  not  in- 
volving openings  in  the  PSG.  Path  b alone  represents  current  flow  between 
conductors  which  have  discontinuities  in  the  PSG  above  them.  Leakage  current 
flowing  between  open  bond  pad  areas  to  other  bond  pads  or  to  metallization 
lines  is  assumed  small  compared  with  that  flowing  between  closely  spaced  metal 
interconnects  since  lateral  bond  pad  spacing  is  usually  large  compared  with 
interconnect  lateral  spacing.  We  ignore  current  at  the  thermal  SiO^-PSG  in- 
terface and  in  the  thermal  SiO^  and  calculate  the  parallel  contributions  of  the 
bulk  flow  component  through  the  PSG  between  metal  lines  (path  A),  and  of  the 
surface  component  (path  B-b) , which  has  a series  bulk  terra  (path  B)  for  current 
flow  from  the  line  to  the  surface,  and  from  the  surface  back  through  the  PSG  to 
the  other  line.  At  95°C,  after  25  hours  of  autoclave  exposure,  the  bulk  resis- 
tivity is  about  5 x 10^°  ohm-cm  (Fig.  28) . The  surface  resistance  in  humid  am- 
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bien't  is  about  2 x 10  ohms/sq.,  obtained  by  using  the  value  measured  at  room 
temperature  and  extrapolating  to  95°G  using  Koelmans*  activation  energy  of  0.35 
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Figure  30.  Current  paths  in  a schematic  IC  cross  section. 


eV  [68].  (We  assume  that  the  plastic,  at  least  for  a short  time,  traps  water 
- at  the  PSG  surface  and  that  the  chip  is  thus  effectively  in  a humid  environ- 
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raent,  since  we  are  interested  in  worst-case  estimates.)  Using  these  values 

and  the  assumed  geometry,  we  calculate  a bulk  resistance  between  lines  of 
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2 x 10  ohms,  and  a surface  path  resistance  of  1 x 10  ohms.  This  latter 

term  consists  of  the  actual  surface  component  of  4 x 1010  ohms  and  the  two  bulk 
components  in  series  with  this  of  2.5  x 10^  ohms  each.  Thus,  in  this  worst 
case,  the  surface  path  contributes  essentially  all  the  current,  and  at  15  V 
the  contributed  leakage  current  is  1.5  x 10  A.  This  is  negligible  for  al- 

most all  applications  and  is  about  4 to  5 orders  of  magnitude  below  specified 
leakage  currents  for  most  IC  applications. 

In  a separate  experiment,  a typical  IC  metallization  pattern  over  thermal 
Si0„  (no  contact  to  silicon)  overcoated  with  5 x 10  cm  of  8.5  wt  % phosphorus 

* _i  2_ 

PSG  and  packaged  in  plastic  showed  a leakage  current  of  3 x 10  A at  95°C 
after  24  hours  autoclave.  The  electrode  length  in  this  structure  was  0.06  cm; 
for  comparison  then,  the  current  should  be  approximately  doubled,  yielding 
6 x 10  ^ A,  in  reasonable  agreement  with  the  previously  calculated  value  of 
1.5  x 10"10  A, 

Even  though  bulk  and  surface  leakage  currents  are  negligibly  small,  they 
can  have  indirect  effects  related  to  surface  charge  inversion  [60-63,65]. 

Using  a specially  fabricated  MOS  IC,  an  inversion- induced  leakage  after  auto- 
clave stress  was  observed.  The  increased  leakage  occurred  between  the  posi- 
tively biased  n-type  regions  of  the  IC  and  the  negatively  biased  p-type  regions. 
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Upon  voltage  applications  at  60 °C,  the  leakage  was  constant  at  10  A,  After 

about  30  sec  the  leakage  increased  with  a time  constant  of  several  minutes  to 
-9 

5 x 10  A.  The  increase  was  limited  to  this  easily  tolerable  level  by  proper 
channel  stoppering.  In  a poorly  designed  IG  (no  channel  stoppers)  the  effect 
could  be  disastrous,  however. 

4.  Aluminum  Corrosion  Effects 

In  this  Subsection  estimates  of  the  time  for  complete  corrosion  of  an 
aluminum  line  will  be  made.  The  possibility  of  cathodic  aluminum  corrosion  ih 
the  presence  of  PSG  of  sufficiently  high  phosphorus  content  and  water  has  been 
reported  [69].  Several  hypothetical  test  situations  are  possible,  and  current 
between  aluminum  lines  of  the  geometry  described  in  the  previous  section  will 
be  calculated.  From  the  estimated  currents,  times  for  complete  corrosion  of 
the  negative  aluminum  line  will  be  determined,  assuming  a Faraday  efficiency 
of  one  and  uniform  current  distribution. 

The  mass  of  aluminum  available  for  corrosion  is  2.7  x 10  g for  the  as- 
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sumed  geometry  and  for  aluminum  thickness  of  10  cm,  and  the  charge  needed 
for  complete  corrosion  is  3 x 10  C.  This  value  will  be  used  to  estimate 
corrosion  time. 

Autoclave  stress  followed  by  voltage  application  in  dry  ambient  at  ele- 
vated temperature  is  not  expected  to  result  in  aluminum  corrosion.  In  this 
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situation  the  bulk  resistance  of  2 x 10  ohms  at  95°C  for  the  typical  elec- 
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trode  pattern  limits  the  current  to  5 x 10  A at  10  V (path  A) . The  surface 

conduction  in  dry  ambient  is  negligible.  In  time,  the  current  will  decay,  and 
-14 

5 x 10  A is  a reasonable  value  for  long-term  estimates.  This  results  in  a 
corrosion  time  of  190  years. 

Exposure  of  a device  to  humid  ambient  at  room  temperature  without  previous 
autoclave  exposure  is  also  not  expected  to  result  in  aluminum  corrosion,  except 
at  bonding  pads , pinholes , or  cracks  as  found  previously  [69].  Paulson  and 
Kirk  found  that  corrosion  occurred  in  areas  where  the  PSG  was  not  continuous 
over  the  aluminum,  such  as  at  a bonding  pad  [69].  This  indicates  that  the 
bulk  path  resistance  (path  B)  through  the  PSG  to  the  surface  is  not  grossly 
affected  by  long-term  high  humidity  exposure.  Thus,  we  ignore  the  bulk  path 


*See  Section  VII. 
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resistance  (path  A)  in  this  case,  and  note  that  the  surface  path  resistance  is 

limited  by  the  metal-to-surface  resistance  through  the  PSG  (path  B) • This  is 
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about  5 x 10  ohms  in  this  situation.  The  current  is  then  2 x 10  A,  and 

the  corrosion  time  is  45  years. 

The  presence  of  discontinuities  at  bonding  pads,  pinholes,  or  cracks  in 
the  PSG  layer  over  the  aluminum  acts  to  shunt  out  the  high  bulk  resistance  of 
the  PSG  in  surface  path  conduction  (path  b) . For  the  conditions  of  the  previ- 
ous paragraph  the  surface  path  resistance  is  reduced  to  4 x 10^  ohms_  for  a 
surface  current  of  2.5  x 10  ^ A at  room  temperature.  The  corrosion  time  is 
then  115  days.  At  95°C  the  corrosion  time  would  be  reduced  to  about  10  days, 
using  Koelmans'  [68]  or  Paulson  and  Kirk's  [69]  temperature  acceleration  fac- 
tors. With  specially  prepared  samples  containing  deliberate  cracks  and  pin- 
holes in  the  PSG,  we  have  found  noticeable  cathodic  aluminum  corrosion  after 

* 

three  days  in  humid  ambient  for  PSG  with  greater  than  8 wt  % phosphorus.  The 
effects  of  current  concentration  would  decrease  further  the  corrosion  times 
at  cracks  and  pinholes  compared  with  the  estimate  made  here.  Since  cracks  and 
pinholes  can  occur  over  closely  spaced  metal  lines  it  is  expected  that  these 
open  areas  are  much  more  serious  corrosion  sites  than  the  open  bond  pad  areas, 
which  are  much  more  widely  spaced.  Even  if  some  corrosion  of  bond  pad  metal 
occurs,  it  should  not  affect  device  performance  since  on  three  sides  of  the 
pad  there  is  no  connection  to  the  circuit,  and  on  the  fourth  side  design  con- 
sideration can  minimize  the  effects  of  corrosion. 

The  three-orders-of-magnitude  increase  in  current  between  line  pairs  under 
PSG  in  humid  ambient  resulting  from  cracking  of  the  PSG  establishes  directly 
that  surface  path  conduction  is  greatly  enhanced  when  openings  in  the  PSG  over 
metal  can  act  to  short  out  the  bulk  resistance  of  the  surface  path  conduction 
(path  B of  Fig.  30) . The  decrease  in  current  upon  introducing  dry  nitrogen 
ambient  confirms  that  the  increased  current  after  cracking  the  PSG  is  actually 
a moisture-induced  surface  current. 

The  occurrence  of  corrosion  at  cracks  and  pinholes  is  consistent  with  the 
observation  that  cathodic  corrosion  is  much  more  probable  than  anodic  corro- 
sion  [69].  If  anodic  corrosion  begins  at  a pinhole  or  crack  over  metal,  then 
the  anodizing  process  will  result  in  an  electrically  insulating  product,  which 


*See  Section  VII. 
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will  cut  off  or  decrease  current  flow,  in  the  absence  of  chloride  [68].  The 
anodic  current  then  is  furnished  at  some  other  crack  or  pinhole,  or  by  a bond- 
ing pad  area.  No  such  self-limiting  process  occurs  at  the  cathode. 

F.  SUMMARY 

The  bulk  and  surface  conduction  of  CVD  SiO^  and  PSG  have  been  measured  as 
functions  of  temperature  and  phosphorus  concentration.  Effects  of  autoclave 
stress  were  determined.  The  measured  electrical  properties  of  these  typical 
passivation  layers  were  related  to  1C  leakage  and  were  shown  to  have  no  direct 
contribution  to  leakage  currents,  apart  from  the  possiblity  of  surface  inver- 
sion effects.  Estimates  of  times  for  cathodic  aluminum  corrosion  were  made, 
and,  based  on  the  results,  it  was  shown  that  the  high  bulk  resistivity  of  the 
PSG  limits  the  current  sufficiently  so  that  corrosion  occurs  only  at  discon- 
tinuities in  the  PSG  coverage  of  the  aluminum. 

G.  OTHER  ELECTRICAL  PROPERTIES 

In  this  Subsection  other  electrical  test  results  are  given  as  functions 
of  layer  composition  and  structure,  deposition  rate,  oxygen/hydride  ratio,  and 
various  densification  treatment.  The  techniques  used  for  CVD  of  the  dielec- 
tric layers  were  described  in  Section  III.  Hie  electrical  tests  used  include 
the  following: 

(1)  Junction  and  MOS  transistor  channel  leakage  currents 

(2)  Breakdown  voltage  of  oxides  and  of  junctions 

(3)  Interelectrode  currents 

(4)  MOS  threshold  voltage 

(5)  Capacitance-voltage  curves  of  MOS  capacitors  vs  bias-heat  treatment 
The  test  results  pertaining  to  each  layer  or  deposition  parameter  will  be 

discussed  as  a group.  All  measurements  were  made  at  room  temperature. 

1.  Rate  of  Deposition 

Since  it  is  expected  that  high  deposition  rate  leads  to  more  localized 
defects  due  to  nonuniformities  in  deposition,  it  was  decided  to  use  dielectric 
breakdown  voltage  measurements  to  study  the  effect  of  this  parameter. 
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In  the  literature,  self-limiting  breakdown  (or  so-called  self-healing 
breakdown,  SHBD)  has  been  described  as  being  used  principally  to  assess  the 
integrity  of  relatively  thin  layers,  typically  about  1000-R  thick,  whereas  PSG 
layers  intended  for  IC  protection  are  generally  in  the  thickness  range  of 
5,000  to  15,000  R.  Since  the  energy  stored  in  the  SHBD  electrode  at  a given  ' 
breakdown  field  is  nroportional  to  film  thickness,  smaller  dots  (^250  ym 
diameter)  have  beer-  used  in  our  work  than  those  generally  used  for  the  thinner 
layers  (typically  750  ym) . This  is  at  once  a disadvantage  in  PSG  evaluation 
since  many  more  such  electrode  dots  have  to  be  measured  to  arrive  at  a sta- 
tistically significant  wafer  evaluation.  In  addition,  defects  associated  with 
the  electrode  perimeter  become  much  more  important,  and  a large  fraction  of 
t.’.e  breakdown  events  observed  occurs  at  the  perimeter.  It  is  not  felt  that 
the  perimeter  breakdown  events  are  related  to  film  quality,  as  such. 

A large  fraction  of  elctrode  dots,  other  than  those  exhibiting  perimeter 
breakdown,  suffers  from  propagating  breakdowns  and  other  effects  which  destroy 
large  areas  of  the  electrode.  These  effects  are  related  to  moisture.  After 
several  weeks  of  storage  in  room  air,  bubbles  will  form  at  the  metal  electrode/ 
PSG  interface  upon  voltage  application.  This  can  be  eliminated  by  heating  (at 
300°C,  for  example),  but  propagating  breakdowns  still  occur.  The  number  of 
these  can  be  decreased  to  some  extent  by  using  dry  nitrogen  ambient  in  the 
SHBD  experiment. 

The  propagating  breakdowns  are  caused  by  the  relatively  high  prebreakdown 
conduction  of  the  PSG  and  SiO^  CVD  films  as  compared  with  thermal  oxides. 

This  was  found  by  a variation  of  the  experimental  technique.  In  conventional 
SHBD  tests,  a ramp  voltage  is  applied  to  the  electrode  dot.  In  our  variation, 
a constant-current  source  is  used  to  capacitively  charge  the  electrode  to  the 
breakdown  field.  It  was  found  that  near  the  breakdown  voltage  the  conductivity 
of  the  film  is  sufficiently  high  that  relatively  large  currents  (about  1 yA) 
are  needed  to  reach  the  critical  voltage.  These  currents  are  high  enough  to 
cause  propagating  breakdown. 

Because  of  the  combination  of  the  above  adverse  factors,  it  was  decided 
to  use  the  voltage  of  the  first  breakdown  event  for  each  dot  as  a measure  of 
film  quality. 

Aluminum  dots  of  0,025  cm  diameter  and  1000-R  thick  were  evaporated  on  CVD 
SIO2  deposited  at  450°C  on  n-type  silicon  wafers  at  low  and  high  deposition 
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rates.  The  voltage  of  the  first  breakdown  for  each  capacitor  dot  upon  appli- 
cation of  a ramp  voltage  was  used  to  characterize  layer  quality.  Table  12 
summarizes  the  results  after  heating  in  air  at  200°C  for  2 hours  and  for  16 
hours  to  drive  off  adsorbed  and  absorbed  water.  Standard  deviations  are  indi- 
cated for  both  breakdown  voltage  and  breakdown  field  values. 


Table  12.  Initial  Breakdown  Data  for  CVD  SiO, 


Deposition  Rate  Si02  Thickness 

(X/min)  (X) 


Breakdown  Voltage  Breakdown  Field 
(V)  (V/pm) 


After  2-hour  bake  (20  dots  tested) 
3900  279  + 113 


297  + 178 


715  + 290 


571  + 342 


After  16-hour  bake  (90  dots  tested) 
3900  316  + 63 


349  + 135 


810  + 162 


671  + 260 


Measurements  of  electrical  breakdown  were  also  done  on  PSG  films  deposited  at 
450 °C  on  silicon  after  16-hour  bake  at  200°C.  The  results  for  54  capacitor 
dot  readings  on  a wafer  are  given  in  Table  13. 


Table  13.  Initial  Breakdown  Data  for  CVD  PSG 


Deposition  Rate 

(X/min) 


PSG  Composition 
(wt  % P) 


Film 

Thickness 

(X) 


Breakdown 

Voltage 

(V) 

293  + 66 
377  + 74 


Breakdown 

Field 

(V/pm) 

742  + 167 

877  + 172 


In  addition  to  comparing  the  average  breakdown  values,  it  is  also  useful 
to  plot  a frequency  distribution  of  the  breakdown  field  for  the  capacitor  dots 
tested  on  a wafer.  Figures  31  and  32  show  the  data  plotted  in  this  fashion  for 
CVD  Si02  and  PSG,  respectively,  after  16  hours  baking  in  each  case.  Note  that 
in  Fig.  31  the  slow  deposition  data  show  a shift  and  tightening  to  higher 
fields,  while  the  fast  deposition  data  tend  to  a bimodal  distribution.  The 
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bimodal  distribution  has  often  been  used  to  characterize  dielectric  strength. 
The  lower  grouping  reflects  defects  while  the  grouping  at  the  higher  level  re- 
flects an  approach  to  the  intrinsic  breakdown  strength. 

The  following  conclusions  may  be  drawn: 

(1)  Heating  to  remove  water  improves  both  dielectric  breakdown  strength 
and  dot-to-dot  uniformity  (as  represented  by  the  decrease  in  the 
standard  deviations). 

(2)  Low  deposition  rates  yield  films  exhibiting  both  increased  break- 
down strength  and  greater  uniformity. 

(3)  Phosphorus  content  can  have  a greater  effect  on  breakdown  voltage 
than  deposition  rate.  Higher  phosphorus  content  increases  the 
dielectric  breakdown  field  maximum,  even  though  less  beneficial 
very  high  deposition  rates  were  used. 

(4)  The  improvements  associated  with  slow  deposition  rate  and  higher 
phosphorus  content  tend  to  shift  the  distribution  of  breakdown 
field  from  a fairly  broad  or  bitnodal  distribution  to  a distribution 
more  characteristic  of  high  intrinisic  breakdown  voltage.  Thus, 
these  improvements  tend  to  eliminate  defects  leading  to  low  voltage 
breakdown. 

2.  Oxygen- to-Hydride  Ratio 

Measurements  of  leakage  currents  on  bipolar  IC  CA3747  and  on  CMOS  IC 
CD4017A  were  made  for  devices  passivated  with  PSG  layers  deposited  at  450 °C 
with  two  different  oxygen: hydride  ratios.  No  differences  were  seen  with  the 
linear  devices,  but  decreased  gate  leakage  at  0 gate  voltage  and  10-V  drain- 
to-source  on  the  CMOS  devices  was  found  for  the  lower  ratio.  The  CMOS  leakage 


average  of  ten  devices  is 

summarized 

in  Table  14, 

Table  14.  CMOS  Leakage  Current  vs.  Oxygen :Hydride  Ratio 

02:Hydride  Ratio 

wt  % P 

PSG  Thickness  (X) 

IL  (A) 

21.4:1 

5.8 

10,000 

8.0  x 10*7 

21.4:1  . 

5.8 

20,000 

4.1  x 10"8 

1.4  x 10 
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Figure  31.  Frequency  distribution  of  electric  field  of  first 
breakdown  event  for  CVD  Si02»  comparing  fast  and 
slow  deposition  rates . Same  data  ,is  in  Table  12 
for  16-hr  bake  data. 


EVENTS  No.  OF  EVENTS 


3.  Densification  Treatments 


As  described  in  Section  V,  various  post  deposition  densification  treat- 
ments were  tried,  and  tests  were  done  to  assess  the  effects  on  device  electri- 
cal properties.  Below  are  listed  several  device  parameters  and  a brief  descrip- 
tion of  the  effect  of  densification  on  these  parameters. 

(1)  Positive  ions  in  gate  oxide  of  MOS  devices:  In  general,  positive 

ion  density  increased  after  1 hour  in  wet  forming  gas  at  450°C  and  after  9 
hours  steam  at  450°C.  The  shift  in  flatband  voltage  after  bias-temperature 
stress  at  220°C  for  5 min  was  -0.3  to  -0.8  V for  PSG-passivated  gate  metal  - 

thermal  SiO„  - Si  capacitors.  Without  phosphorus,  the  shifts  were  much  larger, 

1 11 
about  -5  V.  For  the  structures  tested,  a 1-volt  shift  corresponds  to  2.6  x 10 

2 

ions/cm  . The  above  data  were  taken  on  MOS  transistor  devices  where  the  region 
under  the  gate  metal  has  a relatively  large  perimeter-to-area  ratio.  For 
larger-area  capacitors,  the  shifts  after  the  same  temperature-bias  treatment 
were  of  the  order  of  -20  to  -35  V,  irrespective  of  phosphorus  content.  Before 
densification,  the  shift  in  the  C-V  curve  after  bias-temperature  treatment  was 
about  0.2  V.  These  results  indicate  the  importance  of  PSG  gettering,  and  of 
lateral  diffusion  of  ions  at  the  perimeter. 

(2)  Also  reflecting  increased  mobile  positive  ion  density  in  the  oxide 
was  the  behavior  of  lateral  pnp  devices  on  linear  CA3747  wafers.  The  collector- 
base  and  emitter-base  avalanche  breakdown  voltages  of  these  devices  showed  very 
large  walkout  effects  after  the  densification  treatments  described  in  (1)  above. 
There  was  little  effect  on  breakdown  voltage  of  npn  devices. 

(3)  Ten  hours  of  steam  at  450 °C  tended  to  decrease  the  leakage  currents 
of  both  CMOS  and  linear  bipolar  devices. 

(4)  The  breakdown  voltage  of  MOS  device  gate  oxides  was  not  affected  by 
1 hour  wet  forming  gas  treatment.  After  9 hours  of  steam  treatment  at  450 °C, 
the  average  gate  oxide  breakdown  voltage  for  CVD  Si02  passivated  devices  in- 
creased from  50  to  62  V,  while  there  was  no  change  in  PSG  passivated  devices. 

(5)  Threshold  voltages  of  NM0S  and  PM0S  transistors  were  determined. 

There  were  only  slight  changes  (tenths  of  volts)  in  the  10  ^ A threshold  vol- 
tage, as  expected  from  the  results  of  (1)  above. 

In  summary,  there  are  small  changes  after  densification  treatments.  It 
is  felt  that  the  changes  are  small  enough  that  if  special  circumstances  warrant 
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the  densification  treatments  described,  it  would  be  possible  to  adjust  device 
or  circuit  design  to  render  these  changes  inconsequential. 


4.  Double  vs  Triple  Passivation  Layers 

As  described  in  Section  VII,  there  is  no  advantage  relative  to  corrosion 
effects  in  having  a CVD  SiC^  layer  between  the  aluminum  and  the  PSG.  To  see 
if  there  might  be  other  advantages  or  disadvantages,  a comparison  of  double- 
layer and  triple-layer  passivated  devices  (8  % PSG)  was  made  using  both  linear 
and  CMOS  circuits.  As  shown  in  Table  15,  no  advantage  was  found. 


Table  15.  Comparison  of  Double  and  Triple  Passivation  Layers 


*■ 

Linear 

CA3045 

COS/MOS. CD40ilA 

Passivation 

Layers 

Si02 

Bottom 

<8) 

PSG 

<i) 

Si02 

Top 

(8) 

ICBO(10V> 

(A) 

BV^oU-A) 

(V) 

ILEAK«iS-10V> 

(A) 

5 

Double 

0 

4500 

2500 

i c -m-10 

1.5  x 10 

6.92 

5.6  x 10  ^ 

| Triple 

2000 

4000 

2000 

2.1  x 10“10 

7.01 

1.7  x 10"8 

H 

l 


n 
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VII.  ALUMINUM  CORROSION  STUDIES 


A.  INTRODUCTION 

Corrosion  of  glass-passivated  aluminum  interconnections  during  device 
operation  is  a common  cause  of  integrated  circuit  failure,  especially  with 
integrated  circuits  packaged  in  plastic.  This  type  of  corrosion  frequently 
occurs  at  the  cathode,  where  AlCOH)^  forms.  j 

Systematic  experiments  were  conducted  to  determine  the  exact  cause  of  j 

I 

cathodic  aluminum  corrosion.  Variables  investigated  include  phosphorus  con-  s 

tent  of  the  deposited  PSG  film,  the  moisture  content  of  the  ambient,  applied  dc  \ 

bias,  and  the  effects  of  cracks  or  pinholes  over  the  aluminum.  * 

The  experimental  studies  on  aluminum  corrosion  were  conducted  along  two 
main  approaches:  (1)  Induced  corrosion  of  test  structures  followed  by  selec- 

tive etching  of  the  aluminum  and  microscopic  examination  of  the  exposed  de- 
fects; and  (2)  induced  corrosion  of  test  structures  monitored  by  electrical 
measurements  of  the  test  devices.  Each  of  these  approaches,  and  the  results  . 

obtained,  are  discussed  below.  All  electrical  bias  conditions  noted  in  this 
Section  are  dc  bias. 

B.  SELECTIVE  ETCHING  STUDY  OF  INDUCED  CORROSION 

1.  Test  Structures 

Photomicrographs  of  the  test  structures  used  in  these  experiments  are 
shown  and  described  in  Figs,  33  and  34. 

2.  Relation  of  Corrosion  and  Structural  Glass  Defects  j 

! 

Starting  with  an  oxidized  silicon  wafer,  a 1-pm-thick  layer  of  aluminum  | 

was  evaporated  onto  the  wafer  and  delineated  into  the  barbell-type  test  pat- 
tern shown  in  Fig.  33.  The  pattern  was  then  glassed  with  a 5000-X-thick 
layer  of  PSG  containing  8.5  wt  % phosphorus,  followed  by  a 2000-K-thick  layer 
of  undoped  SiOg.  Contact  areas  were  then  opened  at  the  ends  of  the  barbell. 

To  determine  the  integrity  of  the  glass  passivating  layers,  patterns 
were  taken,  after  contact  opening,  and  subjected  to  aluminum  etch  at  55®C 
for  periods  of  6 and  12  minutes.  Pinholes  or  cracks  in  the  overlying  oxide  j 

layer  will  allow  the  etch  to  penetrate  to  the  metal,  causing  it  to  etch  away. 

This  experiment  revealed  that  the  glass  layers  had  numerous  cracks  and  pinholes* 
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To  test  for  corrosion,  unetched  samples  were  taken  and  two  adjacent  electrodes 
were  biased  at  50  V dc  for  24  hours  in  room  air  (^50  to  60%  RH) . Upon 
microscopic  examination,  no  corrosion  was  observed.  The  sample  was  then 
placed  into  an  autoclave  and  subjected  to  vapor  at  15  psig  and  121°C  for 
4 hours.  The  samples  were  next  biased  for  an  additional  24  hours.  Now  cor- 
rosion had  occurred  at  the  cathode  to  the  extent  that  the  line  had  opened. 

From  these  results,  it  was  concluded  that  1^0  vapor  is  essential  for  corrosion. 

Another  series  of  test  patterns  was  prepared,  and  great  care  was  taken 
to  reduce  the  pinhole  and  crack  density.  Hot  aluminum  etching  did  not  reveal 
any  pinholes  in  the  glass  over  the  metal.  Only  undercutting  at  the  bond  pads 
was  observed,  indicating  that  with  proper  deposition  and  photolithographic 
techniques,  incidence  of  pinholes  can  be  considerably  reduced.  Samples  from 
this  series  were  subjected  to  the  autoclave  for  4 hours  and  biased  at  120  V 
for  24  hours.  Corrosion  occurred  only  at  the  cathode  in  the  contact  area. 

An  analogous  test  using  an  interdigitated  aluminum  pattern,  shown  in 
Fig.  34,  exhibited  similar  results,  i.e.,  no  pinholes  in  the  PSG  layer  over 
aluminum  and  undercutting  only  at  contact  areas  (Fig.  35).  To  confirm  that 
holes  or  scratches  in  the  oxide  were  required  to  allow,  corrosion  to  occur,  an 
interdigitated  metallization  pattern,  previously  subjected  to  the  autoclave, 
was  purposely  scratched  across  the  cathode  and  anode  fingers.  After  biasing 
at  120  V for  48  hours  in  room  air  at  25°C,  cathodic  corrosion  occurred  at  the 
cathode  fingers  and  bond  area  (Fig.  36) . 

A subsequent  experiment  with  another  aluminum  barbell  test  pattern,  having 
15-pm  wide  lines  and  glassed  with  a PSG  layer  containing  8.5  wt  % phosphorus, 
also  verified  that  pinholes  and/or  cracks  had  to  be  present  to  allow  corrosion 
to  occur.  The  contact  mask  for  this  test  pattern  was  designed  such  that  when 
contact  pads  were  opened  in  the  glass,  holes  were  simultaneously  opened  over 
the  aluminum  lines.  Holes  of  12,  8,  5,  and  2.5  pm  in  diameter  were  opened, 
simulating  pinholes  that  could  occur  during  processing.  The  samples  were 
subjected  to  the  autoclave  for  4 hours  at  121°C  at  15  psig  and  then  biased 
for  16  hours  at  50  V.  AS  before,  corrosion  occurred  at  contact  areas  and  at 
the  simulated  pinholes  on  the  cathode  only  (Fig,  37).  This  confirmed  that 
without  pinholes  or  cracks,  corrosion  will  not  occur  anywhere  except  at  bond- 
ing pads. 


(a)  Magnification  x 78. 


(b)  Magnification  X 385. 

Figure  37.  Cathodic  corrosion  on  PSG  overcoated  aluminum  test 

pattern.  Aluminum  pattern  was  glassed  with  a 5000-& 
PSG  layer  containing  8.5  wt  % phosphorus,  and  capped 
with  a 2000-X  layer  of  SiC>2.  Samples  were  subjected 
to  autoclave  for  4 hr  and  biased  at  50  V for  16  hr. 
Line  width  is  15  ym. 


3.  Relation  of  Corrosion  and  Phosphorous  Content  in  the  Glass 

To  determine  the  effect  of  phosphorus  content  on  aluminum  corrosion, 
samples  were  prepared  where  the  PSG  layer  contained  3 to  4 wt  % instead  of  the 
8.5  wt  % phosphorus  contained  in  the  first  sample.  T.te  samples  were  subjected 
to  the  autoclave  for  5 hours  at  121°C  15  psig  and  then  biased  at  100  V,  After 
70  hours  no  corrosion  was  observed.  The  samples  were  then  returned  to  the 
autoclave  for  5 additional  hours  and  re-biased  for  an  additional  168  hours  at 
100  V.  Corrosion  still  did  hot  occur.  Next,  samples  were  biased  at  100  V in 
100%  relative  humidity  air  at  room  temperature  for  18  hours.  Under  these  con- 
ditions, aluminum  corrosion  occurred  at  the  cathode,  and  the  cathode  stripe 
was  completely  converted  to  Al(OH)^  in  some  regions.  Apparently,  corrosion 
conditions  are  worse  when  the  relative  humidity  is  maintained  at  a high  level. 
The  results  confirm  other  information  which  indicated  that  high  concentrations 
of  phosphorus  allow  corrosion  to  occur  readily,  and  that  at  lower  concentra- 
tions such  as  3 to  4 wt  % phosphorus,  corrosion  will  occur  only  under  very 
high  humidity  conditions. 

4.  Photolithographically  Caused  Glass  Damage  Leading  to  Corrosion 

Many  pinholes  in  the  passivating  glass  over  the  aluminum  are  due  to 
particulate  matter  that  can  be  incorporated  into  the  glass  during  chemical 
vapor  deposition  [75,76],  or  may  arise  during  etching  to  open  the  bonding 
pads  (because  of  holes  in  the  photoresist  layer).  However,  some  pinholes 
and  cracks  are  generated  by  other  means.  They  may  be  created  by  the  contact 
printing  operation  or  by  impact  during  chip  handling  [57] . When  the  photo- 
mask comes  in  contact  with  the  glass-passivated  aluminum  pattern,  large  pres- 
sures occur  at  points  of  contact.  The  result  is  that  the  aluminum  flows 
slightly  and  the  glass  may  crack.  Hillocks  present  in  the  aluminum  also 
flatten  and  cause  glass  damage.  To  confirm  this  mechanism,  a silicon  wafer 


75.  V.  Y.  Doo  and  V.  M.  L.  Sun,  Metallurg.  Trans.  1,  741  (1970). 

76.  W.  C.  Benzing,  R.  S.  Rosier,  and  R.  W.  East,  Solid  State  Technology 
16,  No.  11,  37  (1973). 
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with  a glassed  aluminum  pattern  was  sequentially  etched  in  hot  aluminum  etch 
to  reveal  cracks  and  pinholes  following  contact  printing  steps.  The  etching 
studies  showed  that  more  cracks  and  pinholes  developed  each  time  the  glassed 
pattern  was  brought  into  contact  with  the  photomask. 

It  should  be  pointed  out  in  this  connection  that  our  evaluation  of 
passivation  overcoats  on  commercial  ICs  (Appendix  F)  has  shown  that  in  a 
substantial  portion  of  the  integrated  circuits  manufactured  in  the  last 
several  years,  the  passivation  layer  contains  pinholes,  cracks,  or  a com- 
bination of  these,  (A  number  of  publications  also  confirm  this  finding 
[77-82].)  The  more  common  class  was  pinholes  in  the  central  regions  of  alumi- 
num lines.  Another  type  observed  was  pinholes  along  the  edge  of  the  delineated 
metal  lines  [82],  The  edge  pinholes  are  attributed  to  inadequate  coverage  of 
metal  edges  by  the  photoresist,  and  can  generally  be  avoided  by  the  use  of 
thicker  photoresist  layers  or  improved  photoresist  application  techniques. 

Those  pinholes  which  occurred  in  the  central  areas  of  delineated  lines  are, 
to  a large  extent,  believed  to  be  attributable  to  the  presence  of.  hillocks 
in  the  aluminum,  which  occur  because  of  recrystallization  of  the  aluminum 
during  the  contact  alloying  step.  It  should  be  noted  that  even  if  a hillock 
is  completely  covered  with  dielectric  during  the  subsequent  step  of  deposition 
of  the  passivation  layer,  the  hillock  may  not  be  adequately  covered  by  photo- 
resist, the  photoresist  may  be  pushed  away  from  the  peak  of  the  hillock  during 
contact  printing,  or  the  contact  printing  step  may  fracture  the  dielectric 
over  the  hillock.  Any  of  these  three  conditions,  or  a combination,  will  re- 
sult in  a pinhole  through  the  passivation  layer,  exposing  a region  of  aluminum. 


77.  G.  L,  Schnable  and  R.  S.  Keen,  in  Advances  in  Electronics  and  Electron 
Physics j Vol,  30,  L,  Marton,  Ed.,  (Academic  Press,.  New  York,  1971), 
pp,  79-138. 

78.  V.  C.  Kapfer  and  J.  J.  Bart,  10th  Ann.  Proc.  Reliability  Physics,  (IEEE, 
New  York,  1972),  pp.  175-182. 

79.  W,  F,  Keenan  and  W.  R.  Runyan,  Microelectron,  and  Reliability  12,  125 
(1973), 

80.  P.  B.  Mee,  Honeywell  Computer  J,  _5,  115  (1973). 

81.  G.  H.  Ebel  and  H.  A.  Engelke,  11th  Ann.  Proc.  Reliability  Physics,  (IEEE, 
New  York,  1973),  pp.  108-Ii6. 

82.  W.  Kern,  RCA  Review  34^,  655  (1973);  Solid  State  Technology  17,  No.  3, 

35  (1974)  and  No.  4,  78  (1974). 


5.  Discussion  and  Summary  of  Conclusions 
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A number  of  authors  have  pointed  out  that  phosphosilicate  layers  with  an 
excessively  high  concentration  of  phosphorus  are  hygroscopic,  and  can  lead  to 
aluminum  corrosion  problems.  One  author  also  indicated  that  cracking  in  low 
phosphorus  content  PSG  can  lead  to  reliability  problems  [69]. 

Our  experiments  revealed  that  three  factors  are  directly  involved  and 
lead  to  corrosion  of  aluminum  in  glass-passivated  ICs.  The  first  factor  is 
the  presence  of  1^0  vapor  in  the  package;  the  second  is  an  excessive  amount 
of  phosphorus  in  the  passivating  layer;  and  the  third  is  the  presence  of 
cracks  and  pinholes  in  the  passivating  layer  over  or  at  the  edges  of  the 
aluminum  interconnection.  Any  one  of  these  factors  does  not  lead  to  corrosion 
by  itself;  all  three  are  necessary  to  generate  cathodic  corrosion  of  the  type 
frequently  observed  in  field  failures.  Our  work  has  shown  that  in  the  absence 
of  localized  defects,  corrosion  occurs  only  at  exposed  bonding  pad  areas. 
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C.  ELECTRICAL  MEASUREMENT  STUDY  OF  INDUCED  CORROSION 
1.  Preliminary  Tests 

As  pointed  out  in  Subsection  B,  cathodic  aluminum  corrosion  takes  place 
in  the  presence  of  water  vapor,  high  phosphorus  content  (>8  wt  % phosphorus 
in  the  CVD  PSG),  and  applied  bias,  and  is  most  severe  at  cracks,  pinholes,  or 
bond  pad  openings  as  described  in  Saction  VI,  In  preliminary  measurements  with 
unencapsulated  devices  mounted  on  headers  and  wire  bonded,  we  found  that  appli- 
cation of  bias  to  aluminum  patterns  overcoated  with  PSG  while  in  water  vapor 
in  an  autoclave  at  121°C,  15  psig,  resulted  in  complete  corrosion  of  a 1.8-pm 
thick,  10-pm  wide  line  in  tens  of  hours.  This  drastic  corrosion  was  found  in 
all  layers  tested,  including  those  coated  with  low  phosphorus  content  (y2  wt  %) 
PSG  and  even  CVD  Si02.  In  these  cases  delamination  of  the  CVD  layer  was  found, 
and  the  films  peeled  away  in  large  sections.  This  gross  failure  was  accompanied 
by  metal  corrosion.  In  order  to  find  a less  destructive  test  that  would  ex- 
hibit the  differences  known  to  exist  depending  on  phosphorus  content,  the 
following  program  was  carried  out..  The  objectives  include  the  establishment 
of  a useful  test  procedure  for  studying- aluminum  corrosion,  the  evaluation  of 
various  passivation  layer  parameters,  and  the  correlation  of  previous  predic- 
tions based  on  PSG  electrical  properties  with  test  results. 
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2.  Preparation  or  Test  Devices 

Line  patterns  of  aluminum  on  thermal  SiC^  overcoated  with  PSG  layers  of 

various  composition  and  thickness,  and  encapsulated  in  a novolac  epoxy  molding 

_2 

compound,  were  used  to  study  the  corrosion.  The  metal  line  was  7.5  x 10  cm 
long  and  had  three  gap  widths  (5.0,  7.5,  and  10.0  um).  The  line  pattern  used 
is  shown  in  Fig.  38.  Double  layers  of  CVD  PSG  capped  with  CVD  SiO^,  and  triple 
layers  of  CVD  SiO^,  CVD  PSG,  and  CVD  SiO^  were  studied.  Phosphorus  content  in 
the  PSG  layers  ranged  from  2 to  7.7  wt  %. 


Figure  38.  Photomicrograph  of  line  pattern  used  in  corrosion  study. 


3.  Results  of  Electrical  Measurements 

Two  series  of  measurements  were  done  to  establish  relative  corrosion 
rates.  In  the  first  series,  current  between  line  pairs  at  100  V was  measured 
at  95°C  in  dry  nitrogen  as  a function  of  prior  time  in  an  autoclave.  Results 
of  the  first  series  of  measurements  show  a large  increase  in  current  for  the 
high-phosphorus  samples,  A typical  result  is  shown  in  Fig.  39.  Table  16 
summarizes  results  at  35  hours  autoclave  exposure. 
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o 2 wt  % phosphorus  PSG,  12,500  A,  w/1500-A  overcoat 
b 7.7  wt  % phosphorus  PSG,  12,500  A,  w/1500-A  --vercoat 
& 7.7  wt  % phosphorus  PSG,  12,000  A,  w/1000-A  CVD  Si02 
below  PSG,  w/1500-A  overcoat. 

Each  point  is  from  an  average  of  5 samples. 


7.7%  PSG' 
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Table  16.  Steady  State  Current  between  Line 
Pairs  at  95°C,  100  V* 


uauij/  U.C. 

No. 


Layer  Thickness  (X) 


(1) 


PSG 


(2) 


SiO, 


(3) 


Wt  1 P 


1A 

0 

12,500 

1,500 

2.6 

4.2 

X 

10*** 

2A 

0 

12,500 

1,500 

2.0 

2.7 

X 

10“9 

4A 

0 

12,500 

1,500 

4.6 

4.2 

X 

io-9 

6A 

0 

12,500 

1,500 

7.7 

7.8 

X 

io"8 

-7 

18A 

1,000 

12,000 

1,500 

7.7 

1.0 

X 

10 

*7.5-pm 

Line  Spacing 

(1) 

CVD  Si02  over 

metal 

35-Hours  Autoclave 

(2) 

CVD  PSG  over 

(1) 

Average  of  5 Measurements 

(3) 

CVD  Si02  over 

(2) 

In  the  second  series,  the  resistance  of  the  aluminum  lines  was  monitored 
as  a corrosion-related  parameter  after  autoclave  exposure  without  bias,  and 
after  heat  exposure  (90°C)  with  20-V  bias  applied  between  lines.  Some  line 
pairs  were  left  floating.  A complete  cycle  of  line  resistance  measurements  in 
the  second  series  consisted  of  the  following  procedure: 

(1)  Measure  initial  line  resistance, 

(2)  Place  in  autoclave  at  121°C,  15  psig  in  vapor  phase  for 
20  hours. 

(3)  Measure  line  resistance. 

(4)  Place  in  room  air,  90°C  with  20-V  bias  applied  between  line 
pairs  for  5 hours. 

(5)  Measure  line  resistance. 

In  the  second  series  of  measurements,  it  was  found  that  the  line  resis- 
tance increased  only  after  both  autoclave  stress  and  90°C,  20-V  bias  were 
applied  to  a line  pair.  There  was  no  increase  after  autoclave  stress  alone, 
and  only  the  negatively  biased  lines  showed  the  increase.  A typical  result  is 
shown  in  Fig.  40  for  three  full  cycles.  Table  17  shows  results  at  the  end  of 
three  cycles  for  five  sample  types.  Note  the  large  increase  in  resistance  for 
the  7.7  wt  % phosphorus  PSG,  negative  bias  lines. 
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Table  17 . Aluminum  Line  Resistance  Values  before 
Stress  Testing* 


Resistance  (Ohms)  of  Lines  with  Following  Bias  Conditions 


Floating 

Positive 

Bias 

Negative 

Bias 

Sample 

No. 

Wt  % P 

Initial 

* 

Final 

Initial 

* 

Final 

Initial 

* 

Final 

1A 

2.6 

1.481 

1.474 

1.502 

1.503 

1.505 

1.541 

1.416 

1.410 

1.464 

1.463 

1.376 

1.402 

2A 

2.0 

1.537 

1.534 

1.531 

1.541 

1.474 

1.542 

1.472 

1.467 

1.540 

1.547 

1.451 

1.547 

4A 

4.6 

1.494 

1.491 

1.505 

1.510 

1.455 

1.512 

1.433 

1.431 

1.500 

1.502 

1.415 

1.456 

6A 

7.7 

1.459 

1.458 

1.475 

1.477 

1.420 

5.216 

i 

1.392 

1.395 

1.456 

1.459 

1.373 

4.409 

i8A 

* 

7.7 

1.889 

1.889 

1.903 

1.918 

1.796 

5.980 

« 

i 

1.787 

1.793 

1.933 

1.967 

1.795 

6.S90 

h 

| 


*After  3 cycles  of  20-hour  autoclave  followed  by  5 hours  at 
90°C»  20  V.  Average  of  five  measurements, 

**Trilayer 


In  another  experiment,  the  influence  of  phosphorus  concentration  and  epoxy 
resin  overcoats  was  determined  using  CD4009A  circuit  metallization  patterns  with- 
out connection  to  silicon.  Samples  with  the  metal  deposited  on  thermally  grown 
Si02  and  overcoated  with  PSG  (phosphorus  concentrations  of  about  5%  and  8%  by 
weight)  with  and  without  epoxy  resin  overcoat,  were  subjected  to  24  hours  in 
an  autoclave  (steam,  121°C,  15  psig) . Measurements  of  interelectrode  current 
were  then  made  at  60°C,  dry  nitrogen  ambient,  with  15  volts  applied  bias. 

Table  18  shows  averaged  values  of  current  (in  amperes)  1 minute  after  voltage 
application  for  30  to  40  measurements  for  each  entry. 

The  current  measured  for  the  8 wt  % phosphorus  PSG  samples  with  epoxy 
overcoat  shows  a dependence  on  bonding  pad  position.  That  is,  current  is 
higher  when  the  voltage  is  across  two  bonding  pads  which  are  near  each  other 
than  when  the  pads  are  at  opposite  sides  of  the  chip.  This  is  not  observed 


105 


Table  18.  Interelectrode  Current  at  60°C, 
15  V on  CD4009A  Patterns 


No  overcoat 


With  overcoat 


Current 

4 wt  % P in  PSG 
(A) 

-12 

4.1  x 10 

-12 

4.2  x 10  ■L 


Current 

8 wt  % P in  PSG 
...  (A) 

1.3  x 10_U 

6.5  x 10“10 


for  the  same  PSG  without  epoxy  coat  or  for  the  4 wt  % phosphorus  PSG  with  or 
without  epoxy  coat.  This  indicates  that  the  enhanced  conduction  is  due  to 
surface  conduction  at  the  passivati.n  glass-epoxy  interface  from  one  exposed 
wire  bonding  pad  to  the  other.  If  the  enhanced  conduction  were  through  the 
PSG  bulk,  there  would  be  no  dependence  on  pad-to-pad  spacing,  since  the  in- 
dividual circuit  patterns  are  identical.  If  the  enhanced  conduction  were 
through  the  bulk  of  the  resin,  then  the  4 wt  % phosphorus  PSG  sample  should 
also  show  a large  increase  due  to  the  resin,  but  this  was  not  found,  as  shown 
in  Table  18. 


4.  Conclusions 

In  these  measurements  the  importance  of  phosphorus  content  on  the  corro- 
sion rate  is  strongly  evident.  In  addition,  the  presence  of  a CVD  SiC^  layer 
between  the  aluminum  and  the  PSG  apparently  increased  the  corrosion  rate, 
which  is  a somewhat  surprising  result.  Also,  it  should  be  pointed  out  that 
the  current  levels  of  Fig.  38  or  Table  16  for  the  7.7  wt  % phosphorus  PSG 
layers  are  about  20X  the  value  calculated  from  the  electrical  properties  of 
the  PSG  as  described  in  the  previous  section.  This  may  be  due  to  the  presence 
of  the  encapsulating  plastic  as  discussed  (Table  18),  or  to  conduction  at  the 
interface  between  the  thermal  oxide  and  the  PSG. 

Based  on  measurements  with  the  CD4009A  patterns  the  following  conclusions 
can  be  made: 

(1)  With  4 wt  % phosphorus  in  PSG,  the  presence  of  the  epoxy  coating 
has  little  effect. 

(2)  8 wt  % phosphorus  PSG  shows  higher  currents  fhan  4 wt  % phosphorus 
PSG  independent  of  epoxy  overcoat. 
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(3)  With  8 wt  % phosphorus  in  PSG  there  is  a very  large  increase  in 
current  due  to  the  epoxy  overcoat. 


5.  Discussion 

Assuming  a Faraday  efficiency  of  one,  degrees  of  aluminum  corrosion  based 
on  observed  or  estimated  currents  can  be  made.  For  the  line  pattern  used, 

-4  n 

4.7  x 10  C are  needed  for  complete  corrosion.  Using  the  peak  current  of  10  A 
at  100  V (Fig.  39),  a corrosion  time  of  about  7 hours  is  calculated  at  20  V, 
90°C,  assuming  linear  I-V  dependence.  While  this  time  agrees  with  data  of 
Fig.  40,  it  is  not  suggested  that  uniform  corrosion  of  the  cathode  takes  place, 
since,  as  will  be  described  later,  mostly  localized  corrosion  is  found.  Rather, 
as  described  in  Section  VI,  the  current  decays  drastically  during  the  corrosion 
process.  Thus,  as  is  shown  in  Table  17,  essentially  no  anodic  corrosion  takes 
place,  since  the  anode  corrosion  product  is  Al^O^,  a good  insulator  which  is 
stable  in  the  absence  of  chloride  ions.  This  distributes  the  corrosion  over  the 
entire  available  anode.  No  such  limiting  process  occurs  at  the  cathode,  and 
thus  localized  corrosion  (at  defects)  leads  to  high  resistance  and  open  lines 
in  the  presence  of  high-phosphorus-content  PSG. 

Certain  devices  were  decapsulated  for  microscopic  examination  upon  com- 
pletion of  three  full  cycles.  It  was  found  that  only  the  negative  line  had 
corroded,  and  that  in  most  cases,  the  corrosion  was  localized  (presumably  at 
a defect).  Also,  it  was  found  that  in  many  samples  the  PSG  had  again  de- 
laminated from  the  thermal  SiOj.  The  delamination  reflects  decreased  adhesion 
of  the  PSG  to  the  SiO^.  This  delamination  is  found  on  certain  sample  lots, 
and  may  indicate  contamination  at  the  interface,  perhaps  due  to  traces  of  photo- 
resist residue.  It  is  also  possible  that  the  contamination  leads  to  increased 
interface  conductivity  which  will  enhance  the  measured  currents.  These  are 
important  questions  relating  to  reliability  which  need  to  be  answered  by  further 
research. 

Stress-corrosion  cracking  [83]  may  be  a factor  in  accelerating  cathodic 
corrosion  of  aluminum  metallization  lines  at  grain  boundaries.  Aluminum  on 

83.  W.  W.  Binger,  E.  H.  Hollingsworth,  and  D,  0.  Sprowls,  in  Aluminum , 

Properties , Physical  Metallurgy  and  Phase  Diagrams , Vol.  1,  K,  R.  Van  Horn, 

Ed.,  (Amer.  Soc.  for  Metals,  Metals  Park,  Ohio,  1967),  pp.  2009-276. 
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silicon  wafers,  after  heat  treating  at  a temperature  of  450°C  has  been  shown 
to  be  in  tension  at  room  temperature  [43],  and  would  remain  in  tension  under 

device  usage  conditions. 
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VIII.  ANALYTICAL  CONTROL  METHODS 


A.  INTRODUCTION 

Exploratory  studies  have  been  performed  on  practical  analytical  techniques 
for  control  of  passivation  processing  and  evaluation  of  passivation  layers. 

In  this  section  we  briefly  review  pertinent  methods  and  report  on  the  experi- 
mental results  and  methodological  innovations  achieved. 

Also  included  are  several  additional  analytical  results  that  have  not  yet 
been  described  in  the  previous  sections  of  this  report;  these  results  were  ob- 
tained by  application  of  standard  instrumental  analytical  methods. 

B.  SURVEY  OF  PRACTICAL  MEASUREMENT  METHODS 

Practical  methods  and  measurement  techniques  suitable  for  setup  and  in- 
process  control  of  production-type  CVD  passivation  work,  as  well  as  for  detec- 
tion of  structural  layer  defects,  are  outlined  in  Table  19.  All  of  these 
chemical,  optical,  electrical,  and  mechanical  test  methods  have  been  discussed 
and  literature  sources  have  been  referenced  in  the  passivation  survey  paper 
presented  in  Appendix  A,  and  thus  will  not  be  repeated  here.  An  extended  dis- 
cussion of  additional  methods  for  detecting  and  characterizing  localized  struc- 
tural defects  was  recently  presented  in  a separate  paper  [82],  By  applying 
such  tests  for  analyzing  defective  devices  before  and  after  the  passivation  of 
wafers,  and  at  succeeding  steps,  the  mechanisms  leading  to  degradation,  imme- 
diate or  long  term,  can  be  defined.  Steps  can  then  be  taken  to  modify  the 
processing  sequence  used  so  that  these  mechanisms  do  not  take  place. 

C.  ANALYTICAL  METHODS  FOR  EXPERIMENTAL  RESEARCH 

Instrumental  methods  used  in  research  applications  involving  the  electri- 
cal, physical,  and  chemical  characterization  of  dielectric  films  are  reviewed 
in  Appendix  A.  Several  detailed  treatises  [45,82,84-87]  are  available  on  this 

84^  P.  F.  Kane  and  G.  B.  Larrabee,  Characterization  of  Semiconductor  Materials , 
(McGraw-Hill  Book  Co.,  New  York,  1970). 

85.  P.  F.  Kane  and  G.  B.  Larrabee,  "Trace  Analysis  Techniques  for  Solids,"  in 
Annual  Review  of  Materials  Science , Vol,  2,  (1972),  pp.  33-65. 

86.  Handbook  of  Thin  Film  Technology , L.  I.  Maissel  and  R.  Glang,  Eds., 
(McGraw-Hill  Book  Co.,  New  York,  1970). 

87.  Thin  Film  Dielectrics,  F.  Vratny,  Ed.,  (The  Electrochemical  Society, 

New  York,  1969) . 
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subject.  A survey  of  instrumental  techniques  for  elemental  composition  pro- 
filing of  thin  films  has  been  recently  presented  [88] . 

D.  EXPERIMENTAL  RESULTS  ON  DEVELOPMENT  OF  ANALYTICAL  METHODS 

Innovative  work  to  be  described  was  done  on  the  following  methods:  (1) 
chemical  etch  rate  analysis;  (2)  passivation  overcoat  analysis  on  single  ICs; 
pellets;  (3)  surface  resistance  from  diffused  layers;  (4)  measurement  of  film 
stress;  (5)  x-ray  fluorescence  analysis  for  phosphorus;  (6)  infrared  absorp- 
tion spectroscopy;  and  (7)  corona-charging  techniques. 

1.  Chemical  Etch  Rate  Method 

The  etch  rate  of  silicate  glasses  in  suitable  etchants  is  generally  a 
sensitive  measure  of  the  chemical  composition  of  the  film,  and  can  be  utilized 
as  the  basis  of  convenient  control  tests.  We  have  found  that  determination  of 
the  PSG  composition  during  setting  up  and  optimizing  the  CVD  conditions  for  a. 
given  system  is  most  readily  done  by  the  etch  rate  method  because  it  is  fast, 
simple,  and  convenient.  It  is  reliable  and  sufficiently  accurate  and  precise 
for  most  practical  requirements  if  it  is  carried  out  under  controlled  condi- 
tions, and  if  suitable  calibration  curves  are  established. 

In  addition  to  film  composition,  the  etch  rate  is  also  sensitive,  to  a 
lesser  extent,  to  structural  film  properties,  especially  density,  porosity, 
and  stress,  which  makes  the  method  a valuable  tool  in  process  control  for 
monitoring  these  film  properties.  The  effects  of  these  physical  film  proper- 
ties can  be  largely  eliminated  by  a high-temperature  annealing  treatment  at, 
typically,  800°C.  The  etch  rate  then  becomes  a unique  function  of  the  chemical 
film  composition. 

Determination  of  the  etch  rate  of  films  as-deposited  and  also  after  den- 
sification  furnishes  valuable  information  on  both  physical  and  chemical  film 
properties.  The  calibration  graph  presented  in  Fig.  41  exemplifies  the  use  of 
etch  rate  testing  for  determining  the  glass  composition.  It  shows  the  etch 
rate  of  SiC^  (0  wt  % phosphorus)  and  PSG  films  as-deposited  trader  various  con- 
ditions, and  also  after  densification  at  8G0°C.  It  can  be  clearly  seen  that 

88,  J.  W.  Cobum  and  E.  Kay,  "Techniques  for  Elemental  Composition  Profiling 

in  Thin  Films,"  in  Critical  Reviews  in  Solid  State  Sciences , September 

1974,  pp.  561-590. 
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Figure  41.  Etch  rates  of  GVD  PSG  films  as  a function 

of  glass  composition,  deposition  conditions, 
and  densification  treatment. 
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the  etch  rate  of  as-deposited  films  depends  not  only  on  film  composition  but 
also  on  density  and  stress,  which  vary  with  CVD  conditions,  whereas  the  etch 
rate  of  densified  films  is  a unique  function  of  composition.  With  increasing 
phosphorus  concentration  in  the  PSG,  the  curves  for  as-deposited  films  approach 
the  curve  for  densified  films,  indicating  that  at  higher  phosphorus  concentra- 
tions a substantial  degree  of  densification  occurs  during  film  deposition. 
Although  curves  of  different  slopes  result  for  films  of  different  density,  the 
logarithm  of  the  etch  rate  varies  in  all  cases  linearly  with  the  wt  % phospho- 
rus in  the  film.  „ 

Primary  calibration  of  phosphorus  concentration  in  PSG  for  all  our  ana- 
lytical work  was  based  on  wet  chemical  colorimetric  analysis  utilizing  ammonium 
molybdate  reagent.  For  this  purpose  the  films  were  first  dissolved  in  HF  solu- 
tion followed  by  elimination  of  all  dissolved  silicon  to  prevent  its  interfere 
ence  in  the  molybdate  reaction.  Two  or  three  colorimetric  tests  were  made  per 
sample  to  obtain  an  average  value. 

Examples  of  how  much  the  etch  rate  of  CVD  films  is  influenced  by  densifi- 
cation treatments  of  the  films  at  intermediate  temperature  (400 °C)  and  at  room 
temperature  under  both  dry  and  humid  ambient  conditions  have  been  described  in 
Section  V.  The  effect  of  CVD  conditions  (deposition  temperature  and  deposi- 
tion rate)  on  the  etch  rate  has  also  been  demonstrated  in  Fig.  20  and  Table  11. 
These  results  serve  as  additional  examples  of  the  sensitivity  and  use  of  the 
chemical  etch  rate  method. 

Determination  of  etch  rate  is  carried  out  by  measuring  the  film  thickness 
and  by  measuring  the  dissolution  time  in  the  etch  solution  under  isothermal 
conditons.  Direct  interferometric  techniques  of  thickness  measurement  can  be 
employed  (see,  for  example,  Appendix  F)  if  the  refractive  index  of  the  film 
Is  known.  Multiple-beam  interferometry  of  metal-coated  samples  yields  the 
thickness  independent  of  refractive  index.  Alternatively,  ellipsometry  can 
be  used,  it  yields  both  thickness  and  refractive  index  of  the  film.  One  of 
the  simplest  absolute  techniques  if  profilometry  of  a step  etched  down  to  the 
substrate  as  described  in  Appendix  F.  Diluted  HF  solutions  can  be  used  as  et- 
chants. We  found  an  etch  temperature  of  25°  + 0.2°C  and  a mixture  of  2 vol 
HNOg  (70%),  3 vol  HF  (49%),  and  60  vol  ^0  ("P-etch")  [89]  convenient  for  CVD 
films  of  typically  1-ym  thickness.  Ammonium  fluoride  buffered  HF  solutions 
89.  W.  A.  Pliskin  and  R.  P.  Gnall,  J.  Electrochem.  Soc.  Ill,  872  (1964). 
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should  not  be  used  because  their  selectivity  for  phosphorus  (or  boron)  in  the 
glass  is  poor;  the  sensitivity  of  dilute  HF  solutions  is  considerably  greater. 
Etching  is  performed  either  integrally  until  the  entire  film  is  dissolved,  or 
differentially  until  a desired  portion  is  etched  off.  in  the  first  case,  the 
hydrophobic  property  of  silicon  can  be  used  as  an  endpoint  if  the  substrate  is 
silicon.  In  the  second  case,  an  additional  thickness  measurement  is  required 
to  obtain  the  residual  and  incremental  film  thicknesses.  Details  of  the  tech- 
nique, including  the  use  of  a convenient  etch  apparatus  for  automatic  sample 
movement,  were  described  in  a previous  publication  [29]. 

It  is  often  convenient  to  relate  the  etch  rate  of  a PSG  film  directly  to 
the  silane/phosphine  ratio  used  in  the  CVD  of  the  film.  A plot  of  data  for 
this  application  is  presented  in  Fig.  42;  the  same  samples  and  CVD  conditions 
as  in  Fig.  41  were  used  to  construct  this  plot.  Also  shown  for  comparison  are 
etch  rates  for  various  types  of  Si0o  films.  This  type  of  calibration  curve  is 
particularly  useful  for  setting  up  CVD  conditions  and  for  making  immediate  ad- 
justments in  CVD  processing. 

The  etch  rate  method  is  also  useful  in  more  complex  analytical  applica- 
tions where  composite  films  must  be  resolved  into  their  components  [90] . It 
is  possible  to  identify  composition  and  thickness  of  film  layers  in  multilayer 
structures  from  which  the  profile  can  be  obtained  by  plotting  composite  film 
thickness  vs  time  of  etching.  A schematic  plot  of  two  hypothetical  cases  of 
triple  film  structures  is  presented  in  Fig.  43  to  exemplify  the  technique. 
Practical  applications  of  this  technique  for  IC  overcoat  analysis  are  de- 
scribed in  Appendix  F. 

It  is  frequently  necessary,  in  PSG  evaluation  and  comparison  with  litera- 
ture data,  to  convert  etch  rate  results  obtained  by  other  methods  from  weight 
percent  phosphorus  to  mole  percent  phosphorus  pentoxide.  A conversion  graph 
is  presented  in  Fig.  44  for  this  purpose  to  obviate  tedious  computations. 


2,  Passivation  Overcoat  Analysis  on  Single  IC  Pellets 

Several  methods  were  tested  for  their  suitability  to  microanalytical  app- 
lications for  determining  the  structure  and  composition  of  overcoat  layers  on 
single  IC  pellets.  Instrumental  composition  profiling  microprobe  techniques 


90.  W.  A.  Pliskin,  J.  Electrochem.  Soc.  114,  620  (1967). 
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Samples  and  CVD  conditions  are  the  same  as  in  Figs.  5 and  6. 
Also  shown  are  the  etch  rates  for  various  types  of  Si05  films.  fc- 
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Figure  42.  Etch  rate  of  FSG  films  vs  silane/phosphine 
ratio  in  the  hydride  gas  mixture. 


[88],  particularly  those  based  on  electron  probe  microanalysis  [91],  Auger 
electron  spectrometry  [92,93]  and  MeV  ion  backs cat tering  spectrometry  [93], 
are  certainly  the  methods  of  choice  from  a purely  analytical  research  point 
of  view,  but  these  sophisticated  methods  are  far  too  complicated  for  routine 
use  in  a control  laboratory  in  a manufacturing  facility  where  large  nur.ioers  of 
samples  must  be  analyzed  rapidly.  After  exploratory  work  on  quantizing  elec- 
tron probe  luieroanalytical  techniques  and  scanning  Auger  electron  spectrometry, 

91.  G.  DiGiacomo,  J.  Electrochem,  Soc.  121,  419  (1974). 

92.  D.  F.  Stein,  J.  Vac.  Sci.  Technol.  12,  No.  1,  268  (1975). 

93.  C.  A.  Evans,  Jr.,  J.  Vac.  Sci.  Technol.  12,  No.  1,  144  (1975). 
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we  decided  to  devise  a method  based  on  etch  rate  analysis  using  the  principles 
discussed  in  the  preceding  subsection. 

If  combined  with  aluminum  marker-etching  techniques,  the  resulting  method 
can  be  used  to  determine  the  chemical  composition,  the  component  layer  struc- 
ture, the  component  thicknesses,  the  integrity  of  the  dielectric  overcoat,  and 
the  density  of  localized  structural  defects  over  aluminum  metallization.  Two 
techniques  were  developed:  one  based  on  graphical  resolution  of  layer  thick- 
ness vs  etch  time  plots,  and  one  based  on  step  etching  combined  with  profil- 
ometry.  A complete  description  of  these  techniques  is  presented  in  Appendix 
F,  which  also  includes  results  of  applications  in  survey  studies  of  commercial 
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3.  Surface  Resistance  as  a Monitor  of  Phosphorus  Content 

Measurements  of  surface  (sheet)  resistance  of  heat-treated  wafers  of  PSG 
or.  silicon,  using  a four-point  probe,  can  be  employed  as  a production  control 
monitor  of  phosphorus  content  in  PSG  layers.  After  PSG  deposition  on  a high- 
resistivity  p-type  test  wafer,  a drive-in  diffusion  in  dry  nitrogen  is  done 
during  which  the  PSG  source  reacts  with  the  silicon,  resulting  in  diffusion 
of  phosphorus  into  the  silicon  substrate  [94] . The  PSG  is  then  removed  by 
etching,  and  the  surface  resistance  measurement  is  performed.  The  surface  (or 
sheet)  resistance  (ohms/square)  will  be  related  to  the  phosphorus  content  in 
the  silicon,  which  in  turn  depends  on  the  phosphorus  content  in  the  CVD  glass 
and  the  drive-in  temperature  and  time. 

Based  on  surface  resistance  measurements  vs  drive-in  conditions,  a drive- 
in  at  1200°C  for  30  min  was  established.  Shorter  times  and/or  lower  tempera- 
tures show  a very  strong  dependence  on  exact  drive-in  conditions  and  lead  to 
greater  inaccuracies. 

Using  etch  rate  and  x-ray  fluorescence  analysis  to  determine  phosphorus 
content,  the  relation  between  surface  resistance  and  wt  % phosphorus  was 
correlated  in  the  linear  coordinate  plot  shown  in  Fig.  45.  Note  that  at  low 
wt  % phosphorus  the  surface  resistance  is  extremely  sensitive  to  phosphorus 


94.  I.  Franz  and  W.  Langheinrich,  Solid  State  Electronics  18,  209  (1975). 
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concentration.  At  high  concentrations,  there  is  a flattening  of  the  curve, 
due  to  solid  solubility  limitations.  If  the  data  are  shown  on  a log-linear 
plot,  as  in  Fig.  46,  an  approximate  straight  line  is  obtained  up  to  about  5 wt 
% phosphorus  PSG.  In  either  case,  surface  resistance  measurements  are  useful 
for  phosphorus  concentration  monitoring  in  the  range  of  about  1 to  7 wt  % phos- 
phorus PSG.  The  accuracy  for  higher  concentrations  of  phosphorus  in  the  glass 
is  poor  because  of  solid  solubility  saturation  effects. 

It  should  be  realized  that  these  data  are  not  standard  since  the  exact 
value  of  surface  resistance  depends  on  wafer  quality,  crystallographic  orien- 
tation, pre-deposition  treatment,  and  diffusion  conditions.  The  graphs  shown 
illustrate  typical  data  obtained  under  the  conditions  stated. 


4.  Measurements  of  Film  Stress 

The  method  devised  for  measuring  stress  in  CVD  films  on  .-silicon  wafers 
has  been  described  and  exemplified  in  Subsections  IV. C,  and  IV. E. 

We  have  also  employed  a convenient  test  based  on  step-wise  heating  of 
overcoat  passivated  aluminum-metallized  IC  device  wafers  to  relatively  high 
temperatures  (500°  to  550 °C)  for  typically  20  minutes  per  heating  cycle  to 
bring  out  latent  stresses  or  weaknesses  in  the  glass.  These  will  increase  in 
number  with  increasing  temperature  and  give  a realistic  picture,  suitable  for 
statistical  evaluation,  of  the  potential  stress  levels  and  the  specific  location 
and  distribution  of  excessive  stress  regions.  This  approach  is  akin  to  step- 
stress  accelerated  life-testing  and  constitutes  a useful,  practical  test  method, 
particularly  in  conjunction  with  aluminum  marker-etching  to  enhance  the  detec- 
tion sensitivity  of  localized  structural  defects,  especially  microcracks,  xn 
the  glass  overcoat.  The  largest  areas  of  undelineated  aluminum  within  a cir- 
cuit, such  as  those  over  large  capacitors  in  linear  bipolar  ICs,  are  particu- 
larly sensitive  to  the  onset  of  crack  formation  as  a function  of  heat  treatment 
temperature.  These  areas  are  also  most  suitable  for  estimating  the  crack  den- 
sity, or  for  counting  the  number  of  cracks  for  quantitative  statistical  compu- 
tations . 
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5.  X-Ray  Fluorescence  Analysis  of  PSG  Films 

a.  Background  Information.  - A nondestructive,  fast,  and  quantitative  instru- 
mental method  for  determining  the  composition  of  PSG  layers  would  be  particu- 
larly desirable  for  rapidly  analyzing  large  numbers  of  glassed  wafers  in 
production  process-control  applications.  X-ray  fluorescence  analysis,  also 
known  as  x-ray  spectrometric  analysis,  x-ray  emission  spectroscopy,  or  x-ray 
spectrochemical  analysis,  is  uniquely  qualified  to  meet  these  requirements 
and,  in  addition,  offers  the  possibility  of  automation  [95],  Principles  and 
methodology  of  this  method  have  been  recently  discussed  in  detail  by  several 
authors  [96-98].  Application  of  the  method  for  multi-element  analysis  in 
refractories  may  serve  as  a typical  example  of  its  capability  for  analyzing 
many  elements  in  a sample  [99],  Determination  of  low-concentration  phosphorus- 
doped  SiO^  layers  for  diffusion  sources  was  reported  several  years  ago  [100] 
and  has  served  as  a starting  point  for  further  work.  The  SiK^/PK^  ratio  tech- 
nique to  be  discussed  was  previously  presented  by  us  [101]. 

The  main  innovation  of  the  new  work  described  here  is  the  extension  of 
the  x-ray  fluorescence  analysis  to  higher  concentrations  of  phosphorus  in 
PSG,  and  to  layers  thicker  than  0.5  ym,  which  require  suitable  corrections 
because  of  radiation  self-absorption. 

h.  Experimental  Techniques.  - PSG  films  of  various  phosphorus  concentrations 
and  layer  thicknesses  were  deposited  on  polished,  high-resistivity  phosphorus- 
free  silicon  wafers,  and  also  on  phosphorus-free  and  silicon-free  germanium 
wafers  by  the  CVD  techniques  described  in  Section  III.  Colorimetric  microanaly- 
sis of  phosphorus  by  the  molybdenum-blue  reaction  on  concurrently  deposited 


95.  J.  A.  Keenan,  Amer.  Laboratory  _7,  No.  2,  23  (1975). 

96.  E.  P.  Bertin,  Principles  and  Practice  of  X-Bay  Spectrometric  Analysis , 
(Plenum  Press,  New  York,  1975). 

97.  W,  A.  Pliskin  and  S.  J.  Zanin,  "Film  Thickness  and  Composition,"  in 
Handbook  of  Thin  Film  Technology , L.  I.  Maissel  and  R.  Glang,  Eds., 
(McGraw-Hill  Book  Company,  New  York,  1970),  pp.  11-1  to  11-54. 

98.  J.  V.  Gilfrich,  "X-Ray  Fluorescence  Analysis,"  in  Characterization  of 
Solid  SurfaceSj  P.  F.  Kane  and  G.  B.  Larrabee,  Eds.,  (Plenum  Press, 

New  York,  1974),  pp.  275-306. 

99.  L.  A.  Winger  and  E.  L.  McKinley,  Ceramic  Bull,  ^3,  638  (1974). 

100.  F.  X.  Pink  and  V.  Lyn,  Electrochem.  Technol.  6_,  258  (1968). 

101.  W.  Kern,  "Recent  Trends  in  Determining  Composition  and  Imperfections  of 
Dielectric  Films,"  T.  D.  Callinan  Award  Address,  Electrochem.  Soc.  Mtg., 
Houston,  Texas,  May  1972. 
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PSG  films  was  used  as  the  primary  standardization  of  the  x-ray  fluorescence 
working  curves.  X-ray  fluorescence  radiation  measurements  were  carried  out 
using  a Siemens  Crystalloflex  4 x-ray  generator  with  a chromium  target  x-ray 

tube  (2000  W)  and  a Siemens  Vacuum  X-Ray  Spectrometer  Model  VRS.  Sample  area 

2 

of  measurement  was  usually  0.50  cm  . 

Experimental  results  will  be  presented  on  the  phosphorus  emission  inten- 
sity technique,  on  the  silicon/phosphorus  ratio  technique,  and  on  the  analysis 
of  PSG/S102  double  layers  on  IC  device  wafers. 

c.  Technique  Based  on  Phosphorus  Emission  Intensity.  - Figure  47  shows  typical 

measurements  of  phosphorus  K net  radiation  intensity  as  a function  of  the 

phosphorus  concentrations  calculated  for  each  data  point  for  2.2-um-thick 

(±0.1  pm)  PSG  films.  It  is  seen  that  the  relationship  is  linear  over  the  range 

2 

of  0 to  at  least  55  pg/cm  . Calculation  of  the  phosphorus  concentration  of  a 
film  from  Fig.  47  requires  knowledge  of  the  film  thickness  and  density,  since 
the  total  amount  of  phosphorus  is  measured  within  a given  test  area.  A density 
of  2.3  g/cm  was  taken  as  a mean  value  for  these  CVD  PSG  films  for  establishing 
the  curve.  Calibration  curves  of  this  type  are  useful,  but  are  valid  only  if 
the  film  thicknesses  of  samples  to  be  measured  are  closely  similar  to  those  of 
the  standard  samples  from  which  the  calibration  curve  was  established. 

Figure  48  shows  that  the  PJf^  radiation  Intensity  is  not  linear  with  film 
thickness.  This  is  caused  by  self-absorption  of  some  of  the  radiation  by  the 
film  itself.  The  four  curves  are  for  PSG  films  of  approximately  1,  3,  5,  and 
9 wt  % phosphorus  in  thicknesses  up  to  25,000  R.  The  portions  of  the  curves 
from  0 to  4000  R are  seen  to  be  linear  in  all  cases,  indicating  that  all  of 
the  P radiation  from  the  film  is  emitted.  Beyond  5000  R,  the  curve  slope 
decreases  as  the  thickness  increases.  For  example,  a 2-pm-thi.ck  9 wt  % 
phosphorus  film  yields  only  68  percent  of  the  P K intensity  it  should  have  if 
the  relationship  were  linear. 

Closer  inspection  of  Fig.  48  reveals  that  the  degree  of  nonlinearity 
varies  also  with  composition,  becoming  worse  with  increasing  phosphorus  con- 
tent, A plot  of  curves  whose  PK  intensities  are  normalized  to  the  4000  R 

a 

point  of  the  curve  (to  prevent  cross-over  of  curves)  is  presented  in  Fig.  49, 
which  now  shows  the  nonlinearity  vs  composition  dependence  more  clearly.  The 
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Figure  47.  Typical  measurements  of  phosphorus  Ka  net 
radiation  intensity  as  a function  of  the 
calculated  phosphorus  concentrations. 


intensity  of  the  1 to  3 wt  % phosphorus  curve  falls  off  moderately  with  in- 
creasing thickness,  whereas  the  5 and  9 wt  % phosphorus  curves  fall  off  quite 
strongly. 

Table  20  lists  the  PSG  standard  samples  included  with  each  series  of 
analyses  to  serve  as  reference  base.  The  thickness  correlation  factors  shown 
are  needed  to  normalize  the  measured  VK  radiation  to  the  exact  film  thick- 

rv 

nesses  of  5,000  and  10,000  X. 
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The  correlation  factors  in  Table  20  were  derived  from  the  curves  in 
Fig.  49.  The  same  is  done  for  the  samples  analyzed  concurrently  with  the 
standards  normalizing  to  either  5,000  or  10,000  R (whichever  is  closer  to  the 
sample  thickness).  The  curve  in  Fig.  49  closest  to  the  estimated  wt  % phos- 
phorus is  selected  for  this  purpose.  Estimation  of  the  normalization  factors 
is  straightforward,  as  shown  in  the  example  in  Table  20.  The  wt  % phosphorus 
in  the  samples  is  then  read  directly  from  the  calibration  curve. 

Figure  50  shows  typical  standard  calibration  curves  of  P K radiation 
intensity  as  a function  of  wt  % phosphorus  in  PSG  films  normalized  to  5,000- 
and  10,000-8  thickness  using  the  correlation  factors  in  Table  20.  The  excel- 
lent linearity  of  the  curves  through  the  zero  point  demonstrates  that  the 
radiation  intensity  is  directly  proportional  to  the  phosphorus  concentration 
in  the  range  of  0 to  at  least  8 wt  % phosphorus.  The  calibration  curve  shown 


Figure  50.  P Ka  radiation  intensity  normalized  to  5,000- 
and  10,000-8  thickness  as  a function  of  wt  % 
phosphorus  in  standard  PSG  films. 


Table  20.  X-Ray  Fluorescence  Standards:  Factors  for 
Normalizing  VKa  Net  Intensities  to  5,000- 
and  10,000-8  Film  Thickness 


PSG 

Standard 

No. 


Film  , 
Thickness' 
(8) 

11,000 

10,750 

11,200 

12,300 

10,950 

11,150 


Composition' 
(wt  % P) 

10,35 


P Ka  Net  Intensity1 2 3 4 
Correlation  Factors5  for 

5,000  8 10,000  8 


0.537 

0.547 

0.531 

0.490 

0.491 

0.482 


0.932 

0.947 

0.919 

0.858 

0.930 

0.912 


1 PSG  films  prepared  by  CVD  using  high-resistivity  silicon  wafers  as 
substrates. 

2 Film  thickness  measured  by  reflection  spectrophotometry. 

3 Composition  by  modified  wet  chemical  molybdenum-blue  colorimetric  assay. 

4 X-ray  fluorescence  instrumentation  as  defined  in  the  text. 

5 Correlation  factors  were  computed  from  the  graphs  shown  in  Fig.  49. 
Typical  calibration  curves  using  the  above  data  for  normalizing  the 
measured  P Ka  radiation  intensity  to  film  thicknesses  of  5,000  and 
10,000  8 are  plotted  in  Fig.  50.  Estimation  of  these  factors  is  done 
as  shown  in  the  following  example  for  PSG  standard  Sl-C: 


Film  thickness  measured 
P Ka  intensity  measured 

Normalization  curve  selected  from  Fig.  49 
Relative  P#a  read  for  0.50  pm 
Relative  P Ka  read  for  1.12  pm 
Correlation  factor  to  normalize  to  0.50  pm 
Measured  P Ka  normalized  to  0.50  pm 


1.12  pm 

10,490  cpm 

5 wt  % phosphorus 

7.9 

14.9 

7.9/14.9  = 0.531 
0.531  x 10,490  cpm 
5560  apm 


is  considered  relative  and  strictly  valid  only  for  the  particular  analysis 
series  run  on  that  date  because  of  instrumental  fluctuations.  A new  calibra- 
tion curve  is  therefore  made  for  each  analysis  date  by  including  several 
standard  samples  with  the  unknown. 

The  graphs  presented  demonstrate  the  effect  of  film  thickness  on  the 
measured  radiation  intensity  and  provide  experimentally  determined  curves  for 
obtaining  the  correction  factors  necessary  for  proper  determination  of  the 
wt  % phosphorus  in  PSG  samples  of  any  given  film  thickness  up  to  25,000  X. 
These  useful  and  not  previously  reported  curves  should  be  universally  appli- 
cable for  evaluating  data  obtained  by  any  of  the  ordinary  x-ray  fluorescence 
instruments  of  the  type  defined  above,  regardless  of  minor  changes  in  instru- 
mental settings. 


d.  Technique  Based  on  Silicon /Phosphorus  Emission  Intensity  Ratio.  - It  was 
reasoned  that  the  complications  due  to  film  thickness  and  instrumental  fluc- 
tuations could  be  minimized  or  eliminated  if  the  radiation  emission  intensity 
ratio  SxK^/PK^  would  be  used  for  measuring  the  phosphorus  content  in  PSG 
films.  Instead  of  the  SiK^  line,  one  may  also  use  one  of  its  satellite  lines 
to  reduce  the  intensity  relative  to  the  P intensity.  It  is  necessary  in 
this  analysis  to  use  a substrate  free  of  silicon  or  other  interfering  ele- 
ments. Polished  germanium  wafers  are  a particularly  suitable  substrate  for 
this  purpose.  Standard  samples  very  similar  in  composition  to  those  on 
silicon  (Table  20)  were  used  in  this  work.  A film  thickness  of  22,000  % was 
selected  since  the  intent  was  to  make  this  technique  applicable  to  CVD  process 
control  where  unusually  thick  (1.5  to  2.5  pm)  PSG  films  are  used. 

Figure  51  depicts  the  linear  relationship  of  the  radiation  intensity 

ratio  SiK  /P K as  a function  of  the  mole  ratio  Si0„/P„0_  for  2.2-pm-thick  PSG 
a a 2 2 5 

films  on  germanium  wafers.  If  the  logarithms  of  SiK^fPK^  ratio  are  plotted 
as  a function  of  mole  % ^2^5  or  wt  ^ phosphorus,  the  curvature  of  the  re- 
sulting curves  approaches  exponential. 
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Figure  51,  Linear  relationship  of  the  radiation  intensity 
ratio  SiX  /P X as  a function  of  the  mole  ratio 
Si02/P20^aforaPSG  films  on  germanium  wafers. 


Plots  of  ratio  values  as  a function  of  film  thickness  show  that  this 
technique  is  still  not  free  of  thickness  complications,  although  it  is  con- 
siderably improved,  to  the  extent  that  corrections  can  be  neglected  in  many 
instances.  Normalized  plots  for  5 wt  % and  9 wt  % phosphorus  layers  showed 
that,  for  example,  a 2.5-fold  reduction  in  thickness  from  2.2  pm  to  8,800  X 

results  in  SiX  /P X decreases  of  less  than  10  percent,  as  compared  with  over 
a a 

40  percent  for  the  PX^  technique.  As  a second  example,  a film  thickness  of 
2.2  pm  ±10%  gives  a SiX^/PX^  ratio  deviation  well  within  only  ±2%,  an  accuracy 
that  can  be  considered  quite  satisfactory  for  most  applications,  so  that  cor- 
rections are  not  needed  within  the  film  thickness  range  of  2.0  to  2,4  pm.  For 
comparison,  the  deviations  observed  for  the  P Xa  measuring  technique  for  the 
same  thickness  and  composition  range  are  more  than  double  (±4.5%)  those 
achieved  by  the  SiX^/PX^  ratio  technique. 


129 


In  the  light  of  these  findings  it  can  be  concluded  that,  for  accurate 
evaluation  of  PSG  films  greater  than  0.5  pm  in  thickness,  either  method  of 
x-ray  fluorescence  analysis  requires  appropriate  corrections  of  the  values 
obtained  from  the  working  curves  to  account  for  film  thickness  and  composi- 
tion deviations  from  the  standards.  The  reasons  for  these  problems  lie,  in 
addition  to  the  phenomenon  of  radiation  self-absorption  by  the  film  mass,  in 
the  x-ray  fluorescence  physics  peculiar  to  the  phosphorus-silicon  system.  It 
is  therefore  most  desirable  and  simplest  to  settle  for  a constant  film  thick- 
ness for  both  standards  and  unknowns  and  analyze  them  concurrently  so  that 
these  corrections,  as  well  as  systematic  instrumental  deviations,  can  be 
eliminated. 

g.  Analysis  of  PSG/SiO Double  Layers  on  IC  Device  Wafers.  - All  of  the  x-ray 
fluorescence  work  described  thus  far  has  been  based  on  PSG  films  without  Si02 
top  or  bottom  layers,  deposited  on  phosphorus-free  silicon  and  germanium 
substrate  wafers.  Frequently  it  is  necessary,  however,  to  determine  the  PSG 
composition  of  samples  of  control  wafers  with  an  SiC^  top  layer,  or  of  such 
layers  on  actual  aluminum-metallized  IC  wafers  frt.n  production  runs,  and  the 
question  of  possible  interferences  from  the  substrate  arises. 

An  SiO^  capping  layer  over  PSG  reduces  the  P emission  intensity  through 
radiation  absorption  [32,100]  and  requires  an  appropriate  correction. 

Measurements  on  actual  CMOS  IC  wafers  having  phosphorus-diffused  regions, 
with  and  without  PSG  overcoats,  and  with  and  without  SiO^  capping  layers, 
showed  that  neither  silicon  nor  aluminum  interferes  with  the  determination  of 
the  phosphorus  in  the  PSG  layer.  As  shown  in  Table  21,  the  P K intensity  of 
an  uncoated  IC  wafer  is  not  more  than  a few  percent  of  the  intensity  obtained 
from  a typical  PSG  overcoat.  However,  a 3300-8- thick  Si02  capping  layer  re- 
duces the  P intensity  by  18  percent,  which  agrees  with  the  attenuation 
factor  estimated  from  the  thickness  correlation  curves  presented  in  Fig.  43. 

An  additional  source  of  error,  if  not  accounted  for  properly,  is  the 
effect  of  etched-out  PSG  areas  being  excluded  from  x-ray  fluorescence  contri- 
bution. In  the  case  of  the  CMOS  IC  CD4011A,  this  PSG-free  area  amounts  to 
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Table  21.  Application  of  X-Ray  Fluoresces  '.e 
Analysis  of  PSG  on  Finished  IC 
Wafers 


P#a  Radiation  Intensity 


Exper. 

No. 

Sample  Measured 
(Overcoats  not  pattern-etched) 

net 

cpm 

net 

intensity 

(%) 

net 

attenuation 

(%) 

IC 

Device 

(1) 

CMOS  IC  wafer  (CD4017) , 
prior  to  glassing 

30 

- 

- 

Wafer 

(2) 

Sample  (1)  overcoated 
with  7400  8-PSG  (4  wt  % P) 

2429 

100.0 

0 

(3) 

Sample  (1)  overcoated 
with  7400  8-PSG  (4  wt  % P) 
+ 3300  8 Si02 

1986 

81.7 

18.3 

Silicon  (4) 
Control 

Si  control  wafer  prior 
to  glassing 

0 

- 

- 

Wafer 

(5) 

Sample  (4)  overcoated 
with  7400-8  PSG  (4  wt  % P) 

2333 

100.0 

0 

(6) 

Sample  (4)  overcoated 

1927 

82.6 

17.4 

with  7400-8  PSG  (4  wt  % P) 
+ 3300-8  Si02 


22  percent  (grid  lines  = 14.7%,  bond  pads  = 7.6%)  of  the  total  pellet  area  of 
1.34  mm  x 1.42  mm  (53  mils  x 56  mils).  Computations  are  required  for  each 
type  of  circuit  to  determine  the  PSG-free  wafer  area  being  analyzed. 

It  is  important  tc  realize  that  the  x-ray  fluorescence  method  measures 
the  total  amount  of  phosphorus  (with  the  corrections  noted  above)  contained 
in  and  below  the  measured  sample  area.  For  example,  a 5000-8-thick  film  con- 
taining 2 wt  % phosphorus  yields  the  same  signal  as  a 1000-8-thick  film 
containing  10  wt  % phosphorus.  It  is  obvious  that  the  film  thickness  value 
needed  to  determine  wt  % phosphorus  is  just  as  important  as  the  quantity  of 
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phosphorus  measured.  Mechanical  stylus  techniques  or  methods  based  on 

interferometry  can  be  used  to  measure  the  overcoat  thickness  of  step-etched 

samples  by  the  techniques  already  described  and  detailed  in  Appendix  F. 

f.  Summary  of  Results. 

(1)  X-ray  fluorescence  analysis  of  phosphorus  in  PSG  films  based  on  measure- 
ment of  the  PA'  radiation  intensity  has  been  demonstrated  to  be  precise 
and  accurate  if  standards  of  known  composition  and  film  thickness  are 
analyzed  concurrently  with  a series  of  unknown  samples.  The  films  can 
be  analyzed  on  silicon  or  germanium  substrate  wafers  low  in  phosphorus. 

(2)  The  P A^  radiation  intensity  can  be  considered  linear  with  film  thickness 
up  to  5000  8.  Whenever  possible,  samples  in  the  thickness  range  of 

4000  to  5000  8 should  be  analyzed  to  obviate  self-absorption  corrections. 

(3)  Films  thicker  than  5000  X exhibit  radiation  losses  caused  by  self-absorp- 
tion becoming  worse  with  increasing  thickness. 

(4)  The  degree  of  self-absorption  loss  is  also  affected  by  the  phosphorus 
content  in  the  film. 

(5)  Suitable  corrections  should  be  used  for  films  thicker  than  5000  8 to 
allow  accurate  determination  of  the  phosphorus  content.  Normalization 
curves  have  been  presented  to  serve  as  a basis  for  estimating  the  appro- 
priate correction  factors. 

(6)  It  has  been  demonstrated  that  the  use  of  the  SiA^/PA^  Intensity  ratio 
can  be  used  to  minimize  effects  of  self-absorption.  This  technique  is 
particularly  useful  where  thick  films  (1.5  to  2.5  ym)  must  be  analyzed. 
However,  the  films  must  be  deposited  on  a silicon-free  and  noninterfering 
substrate,  such  as  germanium. 

(7)  The  evaluation  techniques  and  graphs  presented  should  be  useful  and 
universally  applicable  for  evaluating  data  obtained  by  any  of  the  usual 
types  of  x-ray  fluorescence  equipment. 

(8)  The  composition  of  PSG  layers  capped  with  SiC^  can  be  measured  by  x-ray 
fluorescence  but  corrections  are  required  for  the  radiation  absorption 
losses  caused  by  the  SiC^  top  layer. 

(9)  X-ray  fluorescence  analysis  for  determining  the  wt  % phosphorus  in  SiC^- 
capped  PSG  overcoats  on  aluminum  metallized  IC  wafers  is  fast,  accurate, 
and  reliable  if  the  corrections  that  have  been  pointed  out  for  layers 
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on  simple  substrates  are  made,  and  if  the  film  thicknesses  are  either 
known  or  can  be  validly  assumed.  It  was  demonstrated  that  no  inter- 
ference results  from  the  aluminum  or  other  elements  present  in  the  sub- 
strate of  CMOS  IC  wafers.  However,  bipolar  IC  device  wafers  would  require 
a proper  blank  correction  because  of  the  phosphorus  introduced  during 

i 

formation  of  the  emitter  glass  and  the  emitter  diffused  regions.  ; 

6.  Infrared  Absorption  Spectroscopy 

The  infrared  absorption  spectrum  of  as-deposited  PSG  films  is  of  limited 
use  for  quantitative  composition  analysis,  but  it  is  very  useful  in  structural 
studies  of  the  films,  such  as  in  densification  and  leaching  experiments,  as 
will  be  demonstrated.  The  main  limitation  of  infrared  spectroscopic  methods 
is  the  restriction  to  certain  film  thickness  ranges  and  to  composition  in 

* 

which  the  infrared  absorbing  constituents  can  be  sufficiently  resolved  spec-  j 

trally.  Absorption  spectra  cannot  be  obtained  for  films  on  IC  device  wafers 
by  transmission  techniques  because  of  absorption  of  infrared  radiation  by  the 
substrate;  suitable  film  substrates  are  needed  that  transmit  infrared  radia- 
tion uniformly  in  the  wavelength  range  of  interest.  Oxygen-free  high-resis- 
tivity silicon  wafers  of  0.6-  to  1-mm  thickness  and  polished  on  both  sides  are 
particularly  suitable  for  studying  CVD  dielectric  films. 

A set  of  absorption  spectra  of  VL. 2-pm-thick  CVD  PSG  films  deposited  at 
450°C  is  presented  as  typical  examples  in  Fig.  52.  Films  with  several  concen- 
trations of  phosphorus  are  shown  for  comparison;  the  absorbance  intensity  of 
the  P=0  band  is  seen  to  increase  with  the  phosphorus  concentration.  The  ratio 
of  the  intensity  of  the  P=0  absorbance  band  at  ^1325  cm  ^ to  that  of  the  major 
Si-0  band  at  'vlOSO  cm  ^ is  approximately  linearly  related  to  the  concentration 
of  phosphorus  in  the  glass  and  can  be  used  with  empirical  calibration  curves 
to  estimate  the  film  composition  [101-104].  The  sensitivity  of  films  as-depos- 
ited is  not  as  good  as  that  for  the  previously  published  [23,105]  analogous 

102.  E.  A.  Corl,  S.  L.  Silverman,  and  Y.  S.  Kim,  Solid-State  Electronics  jJ, 

1009  (1966). 

103.  R.  P.  Esch,  J.  M.  Eldridge,  P.  Balk,  and  W.  A.  Pliskin,  ’’Quantitative 
Determination  of  Phosphorus  in  Thin  Phosphosilicate  Films,"  Abstract 
No.  95,  Electrochem.  Soc.  Mtg.,  Detroit,  Fall  1969. 

104.  A.  S.  fenny  and  M.  Ghezzo,  J.  Electrochem.  Soc.  120,  1276  (1973). 

105.  W.  Kern,  RCA  Review  32,  429  (1971). 
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Figure  52.  Infrared  absorption  spectra  of  PSG  films  of 
various  phosphorus  contents. 


method  for  in  BSG,  mainly  because  of  the  relatively  weak  absorptivity  of 

P=0.  This  poses  a severe  shortcoming  of  the  method  for  application  to  the 
analysis  of  PSG  films  in  the  compositional  range  of  main  interest  (a  few 
percent  phosphorus).  Previously,  we  had  reported  [23]  that  a densification 
treatment  (typically  15  min  at  800°C  in  N^)  causes  spectral  shifts  in  the  P=0 
and  Si-0  bands,  which  result  in  a considerable  increase  in  resolution.  It  is 
now  realized  that  utilization  of  this  effect  offers  the  means  of  extending 


substantially  the  sensitivity  of  the  method  for  measuring  P=0  absorption  in 
PSG  films.  Furthermore,  the  densification  of  samples  prior  to  infrared  spec- 
troscopy eliminates  the  reported  [23,104]  dependence  of  the  absorbance  ratio 
on  deposition  temperature,  and  results  in  annealing  of  stress  and  strain  that 
are  introduced  during  CVD  and  that  also  affect  the  infrared  absorption,  (The 
technique  for  determining  linear  net  absorbance  is  noted  in  Table  22,  which 
also  defines  details  of  the  measuring  technique  we  used  for  obtaining  the 
results  listed  on  leaching  studies  to  be  discussed.) 

A pair  of  spectra  is  presented  in  Fig.  53  as  an  illustration.  The  film 
contained  4.5  wt  % phosphorus  and  was  14,000-8  thick.  The  spectrum  of  the 
film  before  densification  shows  only  a weak  band  in  the  wavelength  region  of 
7.7  pm,  only  slightly  separated  from  the  Si-0  major  stretching  vibration  band. 
In  contrast,  the  same  film  after  densification  shows  a well-resolved  band  of 
P=0  at  7.57  pm  (1321  cm-1). 

Table  22.  Infrared  Absorption  Data  of  Consecutive 
Leaching  Treatments  of  PSG  Films 

^ Vtr  * 

"Undensified  Absorbance  " "Densified  Absorbance  " 


ireauueiu. 

Maximum 

Minimum 

Net 

Maximum 

Minimum 

Net 

Initial 

0.44 

0.20 

0.24 

0.51 

0.20 

0.31 

6 min  in  deionized 
distilled  H2O  at  room 
temperature 

0.46 

0.22 

0.24 

0.52 

0.19 

0.33 

60  min  in  deionized 
distilled  H2O  at  room 
temperature 

0.45 

0.22 

0.23 

0.54 

0.20 

0.34 

6 min  in  deionized 
distilled  H2O  at  100°C 

0.44 

0.22 

0.22 

0.53 

0.20 

0.33 

60  rain  in  deionized 
distilled  H2O  at  100°C 

0.46 

0.22 

0.24 

0.55 

0.22 

0.33 

60  min  in  pressure 
cooker  in  vapor  phase 
at  15  psig,  121°C 

0.40 

0.19 

0.21 

0.48 

0.15 

0.33 

^Refers  to  the  linear  net  absorbance  of  the  P=0  band  maximum  at  about  7.6  pm 
(1316  cm-1)  in  the  infrared  vibrational  absorption  spectrum  of  a 19,000-8- 
thick  PSG  film  deposited  at  371°C,  and  containing  7.7  wt  % phosphorus.  Ab- 
sorbance was  measured  with  a silicon  blank  wafer  in  a reference  beam  of  a 
Perkin-Elmer  Model  137B  spectrophotometer, 

**Same  as  * and  for  an  identical  film  but  after  densification  at  800°C  in 
dry  N2  for  15  min. 
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The  film  was  4.5  wt  % phosphorus,  14,000  A thick.  Note  the  weak  band  at  about 
7.7  pm  for  the  undensified  film,  and  the  strong,  well-resolved  band  at  7.55  pm, 
created  by  the  800° 0 densification  treatment  of  the  second  film.  The  film 
deposition  temperature  was  371°C. 

Figure  53.  IR  absorption  spectra  of  PSG  film 
before  and  after  densification. 

A relatively  high-concentration  phosphorus  glass  (7.7  wt  % phosphorus)  of 
19,000-X  thickness  was  prepared  for  leaching  tests  using  the  net  absorbance 
of  the  P=0  band  as  a quantitative  measure.  Half  of  the  sample  wafer  was 
treated  as  deposited,  the  other  half  was  first  densified  (15  min  in  ^ at  800° C) 
before  the  leaching  tests.  The  data  after  the  consecutive  treatments  are 
presented  in  Table  22.  It  can  be  seen  that  the  P=0  net  absorbance  remained 
essentially  unchanged,  indicating  no  loss  of  phosphorus  in  either  the  densified 
or  the  undensified  sample.  This  result  was  confirmed  by  x-ray  fluorescence 
analysis  of  the  same  samples.  The  finding  is  in  agreement  with  recently  pub- 
lished data  on  PSG  Teachability  [73,  74,  106]  which  have  demonstrated  the 
stability  of  PSG  films  containing  less  than  about  8 mol  % ^2^5  (7.4  wt  % phos- 
phorus) . 

IR  absorption  spectra  of  thin  films  before  and  after  the  leaching  treat- 
ments described  above  are  presented  in  Figs.  54  and  55.  To  determine  the 
linear  net  absorbance,  a base  line  is  drawn  across  the  P=0  band  as  a straight 
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The  films  were  7.7  wt  % phosphorus,  19,000  A thick.  The  spectrum  with  a small  P=0 
band  at  7.6  #im  is  for  the  undensified  film;  the  spectrum  with  a large  peak  at  7.6  /cm 
is  for  the  800°C-densified  film.  Film  deposition  temperature  was  371°C. 

Figure  54.  Initial  IR  absorption  spectra  of  PSG  films 
before  leaching  treatments. 
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The  experimental  conditions  were  the  same  as  described  under  Fig.  54.  Leaching 
treatments  are  listed  in  Table  22. 

Figure  55.  Final  IR  absorption  spectra  of  PSG  films 
after  all  leaching  treatments. 


line  tangent  to  the  absorption  spectrum  at  points  ("maximum"  and  "minimum" 
in  Table  22)  on  either  side  of  the  P=0  band  at  7.6  pm.  The  net  absorbance  is 
determined  as  the  difference  between  the  maximum  absorbance  and  the  base  line 
absorbance  at  the  same  wavelength. 


7.  Corona  Charging  for  Conductivity  Measurements  of  Passivation  Layers 

The  use  of  a corona  discharge  for  depositing  ions  on  the  surface  of  an 
insulator  represents  an  alternative  technique  for  determination  of  conduc- 
tivity, breakdown  strength,  and  layer  quality.  In  this  method,  the  corona 
device  (fine  wires  at  about  6000  V potential)  generates  ions  in  the  gas  am- 
bient. These  ions  are  swept  to  the  sample  and  deposit  on  the  insulating  sur- 
face, charging  it  to  the  breakdown  potential.  A potential  probe  is  used  to 

monitor  the  surface  potential.  A preliminary  evaluation  of  this  technique  was 

-4 

done  with  layers  of  0,  4.8,  and  8.5  wt  % phosphorus  in  PSG  about  10  cm  thick, 
on  degenerately  doped  n-type  silicon  wafers. 

The  coated  wafers  were  charged  with  negative  ions  in  dry  nitrogen  ambient 
at  room  temperature,  and  were  then  placed  on  a grounded  aluminum  block  beneath 
the  surface  potential  probe.  The  temperature  of  the  grounded  block  is  vari- 
able; measurements  were  done  at  20°  and  -00°C. 

A relatively  rapid  decay  of  surface  potential  is  found  for  0 wt  % phos- 
phorus layers,  while  the  decay  rate  of  the  phosphorus-containing  layers  is 
much  slower.  Presumably,  this  is  due  to  Na+  or  other  ionic  motion  in  the 
0 wt  % phosphorus  glass.  The  effect  is  quite  dramatic,  as  shown  in  Table  23. 


Table  23.  Surface  Voltage  Decay  after  Corona  Charging 


Surface  Voltage 

Phosphorus  20°C 100eC 

in  PSG  Initial  After  5 min  Initial  After  5 min 


20 

(in  5 sec) 
940 


I 

i 


The  initial  potential  in  the  table  is  measured  several  seconds  after 
termination  of  corona  charging.  The  delay  is  necessary  to  move  the  sample 
to  the  probe  station.  During  the  charging  (about  15  to  30  sec)  and  the  inter- 
val between  charging  and  measurement,  the  surface  voltage  decays  markedly  for 
the  0 wt  % phosphorus  sample  due  to  polarization  by  ionic  motion.  This  is 
why  the  initial  surface  potential  for  this  sample  is  so  low. 

For  the  phosphorus-containing  samples,  the  initial  potential  is  close  to 
the  intrinsic  breakdown  potential.  Since  there  is  no  metallic  contact  on  the 
surface  of  the  sample,  localized  defects  do  not  affect  the  observed  initial 
voltage,  and  intrinsic  strength  can  be  determined. 

Further  experiments  are  needed  to  fully  assess  the  usefulness  of  this 
technique  in  passivation  studies. 


E.  TRACE  IMPURITIES  IN  CVD  Si02  AND  PSG  FILMS 

Si(>2  and  PSG  films  were  deposited  on  high-purity  polished  germanium 
wafers  in  the  single-rotation  CVD  hotplate  reactor  under  specified  conditions. 
Variables  selected  were  temperature  of  deposition,  rate  of  film  deposition, 
and  oxygen-to-hydride  ratio,  as  shown  in  the  headings  of  Tables  24  and  25. 

Film  thicknesses  were  1 to  2 ym. 

Spark  source  solids  mass  spectrographic  analyses  were  conducted  to  obtain 
a survey  of  trace  impurities  present  and  approximate  concentration  levels. 

Due  to  the  thinness  of  the  films,  the  spark  penetrated  into  the  germanium  sub- 
strate, which  made  the  determination  of  concentrations  difficult  and  uncertain 
As  a result,  all  samples  were  referenced  to  Pt,  an  external  standard,  as  being 
10  ppma.  The  values  stated  in  Table  24  are  based  on  the  assumption  of  equal 
sensitivity  for  all  elements.  For  most  elements  in  most  matrices  this  assump- 
tion produces  results  accurate  to  within  a factor  of  three.  Several  analyses 
were  usually  made  for  the  more  important  impurities  (Cu,  Ca,  K,  Na,  Cr,  B), 

In  the  case  of  Cu,  4 to  6 determinations  were  made  to  improve  the  precision; 
the  concentration  ranges  from  which  the  average  was  calculated  are  shown  in 
parentheses. 

The  major  impurity  found  was  copper,  at  a concentration  of  2 to  6 times 
greater  than  found  in  the  unheated  substrate  germanium  wafer,  suggesting  that 
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copper  contamination  may  occur  from  the  hotplate  disc  serving  as  sample  stage 
in  the  CVD  apparatus.  Much  lower  concentrations  of  calcium,  potassium,  sodium, 
and  magnesium  were  found. 

Optical  emission  spectrographic  analysis  of  the  film  material  removed 
from  the  substrate  again  detected  copper,  but  also  detected  gallium  at  sub- 
stantial trace  concentration  levels.  Some  iron  and  magnesium  were  also  found. 

Quantitative  atomic  absorption  analysis  was  next  carried  out  for  the 
three  most  important  impurities:  Copper,  sodium,  and  potassium.  The  films 

were  dissolved  from  the  substrate  for  these  analyses.  The  results  show  that 
the  true  absolute  concentration  of  copper  is  much  lower  than  suggested  by  the 
spectrographic  analyses  and  ranged  from  0.6  to  1.4  ppm  by  weight.  The  sodium 
and  potassium  levels  ranged  from  1 to  6 ppm. 

F.  SUMMARY  OF  MAJOR  RESULTS  AND  CONCLUSIONS 

Several  analytical  methods  have  been  critically  examined  for  their  suit- 
ability as  practical  process  control  techniques  for  monitoring  the  composition 
and  quality  of  CVD  PSG  passivation  films.  A number  of  innovations  have  been 
achieved  to  improve  these  techniques  for  this  specific  purpose.  For  composi- 
tional analysis  of  PSG  films,  we  have  found  etch  rate  determination,  x-ray 
fluorescence  analysis,  and  sheet  resistivity  measurement  particularly  useful. 

It  has  been  shown  that  isothermal  etch  rates  are  the  simplest  and  most 
convenient;  densifying  the  films  before  etching  renders  the  etch  rate  a unique 
function  of  the  composition  only,  since  dynamic  effects  in  the  as-deposited 
films  due  to  film  stress  and  density  anneal  on  heating.  Calibration  curves 
have  been  presented  relating  etch  rates  of  as-deposited  and  of  densified  CVD 
films  with  composition  established  by  primary  wet  chemical  analysis,  and  also 
with  relative  film  density.  Furthermore,  the  etch  rate'  method  has  been  suc- 
cessfully refined  for  analyzing  the  overcoat  composition  on  single  IC  pellets, 
as  detailed  in  Appendix  F. 

X-ray  fluorescence  analysis  based  on  the  P K radiation  emission  has  been 
shown  to  be  a fast,  nondestructive  instrumental  technique  for  PSG  analysis. 
However,  it  requires  corrections  for  radiation  self-absorption  losses  in 
thicknesses  greater  than  0.5  pm,  or  if  Si02  top  layers  are  present.  The  ratio 
of  emission  intensity  is  less  affected  by  variation  in  film  thickness. 


142 


i l’j'liii'ii,|,!ili*i <11  «* ! yi i ■ ■ *■<  V*  u -w i ft 


but  requires  noninterfering  substrates  such  as  germanium.  It  has  also  been 
demonstrated  that  the  method  is  applicable  for  analyzing  the  phosphorus 
content  in  overcoat  layers  deposited  on  aluminum-metallized  CMOS  IC  device 
wafers. 

Measurement  of  the  sheet  resistance  of  diffused  PSG  layers  is  a useful 
alternative  method  of  analysis  applicable  to  films  in  the  composition  range 
of  1 to  7 wt  % phosphorus. 

Techniques  for  measuring  film  stress  have  been  refined,  and  a step 
stress  thermal  test  has  been  developed  and  applied  to  visualize  the  numerical 
density  and  distribution  of  localized  stress-induced  defects  on  glassed  IC 
device  wafers. 

The  use  of  infrared  spectroscopy  in  leaching  and  densification  studies 
has  been  demonstrated  and  applied,  and  a thermal  technique  of  enhancing  the 
resolution  of  the  P=0  vibrational  band  has  been  shown  to  substantially  im- 
prove the  sensitivity  of  the  infrared  method  for  low  concentrations  of  phos- 
phorus in  PSG  films. 

It  has  been  pointed  out  that  corona  charging  for  conductivity  measure- 
ments, by  depositing  ions  on  the  surface  of  an  insulator,  is  a promising  and 
useful  alternative  technique  for  characterizing  passivating  films  that  merits 
further  investigation. 

Analyses  of  trace  impurities  in  CVD  films  by  emission  spectrographic, 
mass  spectrographic,  and  atomic  absorption  analyses  of  CVD  Si02  and  PSG  films 
have  been  presented  as  typical  examples  of  the  type  and  concentration  of 
contaminants  in  such  films. 
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IX.  GENERAL  DISCUSSION,  ACCOMPLISHMENTS,  AND  CONCLUSIONS 

A.  BASELINE  FOR  EXPERIMENTAL  STUDIES  TO  IMPROVE  PASSIVATION 

In  view  of  the  wide  variety  of  conditions  being  used  to  passivate  com- 
mercially available  ICs  at  the  start  of  the  contract,  experimental  studies  were 
performed  using  a range  of  conditions  that  were  intended  to  bracket  production 
usage  conditions,  rather  chat  a single  deposition  condition.  The  specific 
range  of  conditions  used  to  deposit  passivation  glass  layers  on  test  wafers 
was  as  follows:  deposition  temperature,  325°  to  450°C;  oxygen-to-hydride 

ratio,  5:1  to  50:1;  deposition  rate,  0.1  to  1 pm/min;  gas  composition  adjusted 
to  produce  deposits  containing  0 to  8 wt  % phosphorus  in  PSG. 

Commonly  used  production  type  photoresists  were  employed,  with  the  ex- 
posure of  patterns  obtained  by  contact  printing  techniques  using  commercial 
alignment  fixtures.  Delineation  of  patterns  in  the  overcoat  layers  were 
performed  by  application  of  both  standard  buffered  HF  solutions  and  proprietary 
etchant  compositions. 

B.  COMPARISON  OF  IMPROVED  CVD  LAYERS  WITH  BASELINE  PASSIVATION 

As  information  was  developed  on  the  effect  of  various  deposition  condi- 
tions on  film  properties,  various  improved  deposition  conditions  were  estab- 
lished, and  additional  test  wafers  were  run.  The  properties  of  test  devices 
passivated  with  improved  glasses  were  then  compared  with  those  of  baseline 
test  devices,  using  appropriate  test  wafers  that  provided  the  best  sensitivity 
for  the  parameter  under  study. 

It  is  concluded  that  the  best  overall  passivation  layer  properties  are 
achieved  if  deposition  is  performed  at  a wafer  temperature  of  450°C  under  con- 
ditions which  result  in  a PSG  film  containing  approximately  3 wt  % of  phos- 
phorus. The  oxygen-to-hydride  ratio  should  be  approximately  20:1,  which 
corresponds  to  the  ratio  producing  a maximum  deposition  rate  at  450°C.  These 
conditions  produce  films  with  high  density  but  with  relatively  low  intrinsic 
tensile  stress.  We  have  also  shown,  during  the  final  month  of  the  contract, 
that  additional  reduction  in  intrinsic  film  stress  can  be  achieved  by  adding 
moisture  to  the  nitrogen  carrier  gas  during  the  CVD  processing. 
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It  was  clearly  demonstrated  that  passivation  films  containing  the  recom- 
mended phosphorus  content  have  no  cracks,  whereas  SiO^  films  or  PSG  films  with 
substantially  less  phosphorus  frequency  contain  a significant  number  of  cracks 
if  deposited  over  typical  IC  wafers.  Moreover,  test  devices  with  passivation 
films  containing  too  much  phosphorus  (8  wt  %)  were  shorn  to  have  less  desirable 
electrical  properties  and  far  greater  susceptibility  to  cathodic  aluminum 
corrosion  than  devices  made  under  the  recommended  conditions. 

Devices  prepared  under  conditions  specifically  selected  to  produce  fewer 
pinholes  not  only  contained  far  fewer  pinholes  than  similar  patterns  on  base- 
line wafers  prepared  by  conventional  contact  printing  techniques,  but  also  were 
orders  of  magnitude  less  susceptible  to  adverse  cathodic  corrosion  effects. 

A comparison  was  made  of  the  electrical  properties  of  ICs  fabricated  with 
passivation  glass  deposited  at  a temperature  of  375°C  and  similar  devices  pas- 
sivated at  450°C.  It  was  concluded  that  the  level  and  distribution  of  electri- 
cal characteristics  of  the  two  groups  of  devices  were  essentially  equal. 

Tests  with  single,  double,  and  triple  layers  of  PSG  plus  SiC^  passivation 
glass  showed  that  the  triple-layer  structure  had  no  advantages  in  terms  of 
susceptibility  to  corrosion.  Accelarated  corrosion  tests  showed  excellent 
stability  for  aluminum-metallized  /ices  passivated  with  the  double- layer 
structure  consisting  of  0.5-ym  PSG  (3  wt  % phosphorus)  capped  with  0. 3-ym  of 

Si02* 

C.  STATE-OF-THE-ART  IN  GLASSING  PRIOR  TO  START  OF  THE  CONTRACT 

At  the  start  of  the  contract,  an  assessment  was  made  of  the  state-of-the- 
art  of  glass  passivation  of  commercially  available  aluminum-metallized  inte- 
grated circuits.  Products  from  five  manufacturers,  fabricated  during  the 
preceding  several  years,  were  studied  to  determine  the  type  and  quality  of 
passi1  atioi  glass.  It  was  found  that  most  manufacturers  were  using  a phospho- 
silicate  type  passivating  glass,  although  there  was  considerable  variation  in 
the  thickness,  phosphorus  content,  and  localized  structural  defect  density. 

' ,;'e  products  were  passivated  with  SiO^  containing  no  phosphorus,  and  some 

■!.'-|od  two  or  more  passivation  layers  of  distinctly  different  composition. 

elation  in  glass  properties  is  not  particularly  surprising  in  view  of 
tin.  ‘ act  that  the  principal  reason  for  using  the  passivation  glass  was  to 
attain  scratch  protection  during  chip  handling,  plus  the  fact  that  most  of  the 


devices  were  made  before  the  period  of  adverse  publicity  concerning  aluminum 
corrosion  due  to  excessively  high  phosphorus  concentration  in  PSG  passivation 
layers. 

The  fact  that  some  products  contained  no  phosphorus  in  the  Si02  would 
imply  that  the  manufacturer  chose  a simpler  process  (Si02  deposition  rather 
than  PSG  deposition) . 

Some  devices  contained  over  8 wt  % phosphorus  in  PSG  layers.  It  must  be 
concluded  that  some  manufacturers,  not  having  available  concrete  experimental 
evidence  at  that  time,  felt  it  was  not  necessary  to  control  phosphorus  content 
at  lower  levels.  Since  the  most  severe  type  of  cathodic  aluminum  corrosion 
occurs  only  when  devices  simultaneously  have  localized  defects  (cracks  or 
pinholes)  plus  electrical  bias  plus  high  phosphorus  content,  small-scale  quali- 
fication tests  with  high-phosphorus-concentration  PSG  may  not  have  shown  the 
possible  adverse  effects  of  PSG  with  8 wt  % phosphorus. 

Several  other  reasons  could  be  advanced  for  the  use  of  excessively  high 
phosphorus  concentrations  in  PSG  glasses  in  commercial  ICs.  For  example,  some 
manufacturers  may  have  believed  that  the  use  of  fixed  PH^/SiH^  ratios  in  CVD 
gas  streams,  or  the  use  of  premixed  PHySiH^  gases,  ensured  a fixed  P2°5^i02 
ratio  in  the  deposited  glass.  It  has  now  been  shown  that  for  fixed  PH^/SiH^ 
ratios,  phosphorus  content  in  the  deposit  changes  appreciably  with  deposition 
temperature,  oxygen/hydride  ratio,  and  other  factors. 

It  is  possible,  by  comparing  densified  vs  undensified  etch  rates  or 
by  performing  pinhole  determinations  with  the  aluminum  etch  before  and  after 
heat  treatments  such  as  400°  to  500°C  bakes,  to  obtain  information  which  re- 
lates to  the  temperature  of  deposition  of  the  passivation  layer.  Using  this 
type  of  analysis,  we  infer  that  some  of  the  CVD  layers  on  commercial  devices 
were  applied  at  temperatures  on  the  order  of  350°C  rather  than  at  the  recom- 
mended temperature  of  450°C.  The  use  of  lower  temperatures  is  not  surprising, 
particularly  in  view  of  the  fact  that  some  commercial  CVD  equipment,  without 
modification,  is  not  capable  of  producing  wafer  temperatures  above  350°C. 

It  should  be  pointed  out  that,  concurrent  with  performance  of  experimental 
studies  during  this  contract,  a considerable  amount  of  pertinent  information  on 
CVD  and  on  aluminum  corrosion  was  presented  at  technical  meetings  and/or  was 
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published  in  scientific  papers.  Included  were  two  invited  presentations  and 
two  detailed  technical  publications  (see  Appendices  A and  E)  on  work  that  was 
in  part  supported  by  this  contract.  The  work  by  scientists  and  engineers  at 
organizations  other  than  RCA  Corporation  has  also  been  reviewed  in  these  publi- 
cations. The  net  result  of  information  dissemination  by  all  of  these  presenta- 
tions and  publications  has  been  to  greatly  increase  available  knowledge  of 
possible  failure  mechanisms,  and  of  the  necessity  and  the  means  for  controlling 
the  phosphorus  content  in  CVD  PSG  passivation  layers. 

D.  OVERALL  CONCLUSIONS 

(1)  The  effects  of  various  deposition  conditions  on  the  properties  of 

CVD  PSG  films  have  been  studied  in  detail,  and  the  relative  importance  of  ten 
critical  conditions  has  been  established.  It  has  been  concluded  that  the  most 
important  conditions  to  control,  in  declining  order  of  importance,  are:  sub- 

strate temperature  of  deposition,  oxygen-to-hydride  ratio,  hydride  input, 
silane-to-phosphine  ratio,  and  nitrogen  input.  Other  important  factors  ex- 
amined include  reactor  geometry,  wall  temperature  of  the  reactor,  system 
cleanliness  and  gas  purity,  substrate  surface  characteristics,  and  substrate 
surface  topography.  The  essential  effects  of  CVD  key  parameters  on  PSG  film 
deposition  rate,  phosphorus  content,  and  intrinsic  film  stress  are  shown  in 
Table  26.  This  schematic  also  allows  one  to  predict,  at  a glance,  what  re- 
sults can  be  expected  on  combining  the  various  parameters,  or  how  to  compen- 
sate an  effect  by  increasing  or  decreasing  the  relative  magnitude  of  some  of 
the  other  factors. 

(2)  We  have  concluded  that  the  best  overall  properties  of  PSG  overcoat 

passivation  layers  are  attained  if  CVD  is  carried  out  at  a substrate  tempera- 
ture of  450°C  and  at  a silane-to-phosphine  ratio  that  results  in  a PSG  film  of 
approximately  3 wt  % of  phosphorus  (or  3 mol  % oxygen-to-hydride 

ratio  should  be  approximately  20:1,  which  also  corresponds  to  the  ratio  pro- 
ducing maximum  deposition  rate  at  450°C.  PSG  layer  thicknesses  of  0.5  to 

1.5  pm  have  been  found  useful.  The  addition  of  an  Si02  top  layer  enhances 
photoresist  adherence  and  pattern  definition. 


Table  26.  Effects  of  CVD  Key  Parameters  for  Preparing  PSG  Films 


DIRECTION  OF  ARROWS  INDICATES  RELATIVE  INCREASE  OR  DECREASE 
/\  STRONG;  SLIGHT;  NONE 


(3)  Bulk  and  surface  electrical  conductivities  of  CVD  PSG  films  have  been 
measured  at  several  temperatures,  and  the  effect  of  water  vapor  on  them  has 
been  determined.  It  has  been  concluded  that  the  bulk  resistivity  of  CVD  PSG 
films  with  2 to  4 wt  % phosphorus  is  more  than  adequate  for  passivation 
purposes. 

(4)  A detailed  study  of  cathodic  corrosion  of  aluminum  conductor  lines  in  ; 

glass-passivated  silicon  devices  has  been  made,  and  the  relationship  between  ; 

aluminum  corrosion  and  phosphorus  content  of  the  PSG  film,  moisture,  electrical 

bias,  and  localized  defects  in  the  passivation  film  has  been  defined.  j 

j 

(5)  A correlation  has  been  demonstrated  between  intrinsic  stress  in  de- 
posited films  and  susceptibility  to  cracking  during  deposition  or  during 
subsequent  exposure  to  thermal  stress  conditions,  particularly  at  processing 
temperatures  higher  than  the  deposition  temperature. 


148 


■I 


Si 


m- 

=E-f5-.  - 

m> 


(6)  A practical  method  has  been  developed  for  measuring  stress  in  CVD 
films  deposited  on  silicon  wafers;  the  method  requires  no  special  fixtures  for 
the  wafer  during  deposition  and  is  thus  applicable  to  any  type  of  deposition 
system. 

(7)  A fundamental  understanding  of  the  material  aspects  of  glass  passiva- 
tion has  been  achieved,  including  the  interrelationship  between  phosphorus 
content  in  the  PSG  film  and  electrical  and  stress  properties  of  passivation 
layers.  The  importance  of  processing  device  wafers  under  conditions  that  mini- 
mize cracks,  pinholes,  and  other  localized  defects  in  deposited  glass  layers 
has  been  demonstrated,  and  a fundamental  understanding  of  the  factors  that  lead 
to  such  defects  has  been  provided.  On  the  basis  of  these  findings,  conditions 
have  been  defined  for  chemical  vapor  deposition  glassing  of  aluminum-metallized 
IC  wafers  with  a crack-free  phosphosilicate  layer. 

(8)  It  has  been  shown  that  with  defect-free  PSG  films  of  controlled  low 
phosphorus  content,  corrosion  of  aluminum  metal  interconnection  lines  in 
passivated  test  devices  is  not  a problem,  even  under  accelerated  stress 
conditions. 

(9)  We  have  concluded  that  CVD  phosphosilicate  glass,  deposited  under 
controlled  conditions,  offers  a number  of  significant  advantages  over  SiC^  for 
passivation  of  integrated  circuits. 

(10)  Densification  studies  in  various  ambients  have  shown  that  PSG  films 
can  be  densified  appreciably  in  relatively  short  times  at  450°C  in  moist 
ambients  without  increase  in  the  moisture  content  of  the  film;  kinetics  of 
the  process  have  been  established  for  several  ambients. 

(11)  A new  technique  for  lowering  stress  in  CVD  SiC^  and  PSG  films  has 
been  developed.  By  depositing  films  using  moisture-containing  nitrogen  car- 
rier, we  have  obtained  films  with  lower  stress, 

(12)  Various  techniques  for  characterizing  the  physical  and  chemical 
properties  of  deposited  SiC^  and  PSG  layers  were  evaluated,  and  appropriate 
practical  techniques  were  refined  or  devised  for  use  in  production  process 
control  to  assure  films  with  suitable  chemical  and  physical  properties.  The 
recommended  techniques  have  been  outlined  in  Table  19  of  Section  VIII. 
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(13)  It  was  demonstrated  that  isothermal  etch  rate  measurement  of  passiva- 
tion layers  is  a reliable,  fast,  and  convenient  tool  for  determining  film  com- 
position. Generally  applicable  calibration  graphs  have  been  established  and 
experimentally  demonstrated. 

(14)  The  usefulness  and  limitations  of  sheet-resistance  measurements  of 
silicon  control  wafers,  following  diffusion  of  CVD  PSG  films  for  determining 
the  phosphorus  concentration,  have  been  discussed  and  exemplified  with  typical 
calibration  graphs. 

(15)  In  addition  to  the  methods  listed  in  Table  19,  x-ray  fluorescence 
analysis  of  phosphorus  in  PSG  films  has  been  investigated  and  refined  for 
rapid  in-process  control  applications.  This  nondestructive  instrumental  method 
of  analysis  has  been  found  a very  useful  additional  or  alternative  technique 
for  semiautomated  compositional  control  that  is  particularly  well  suited  for 
rapidly  testing  large  numbers  of  samples. 

(16)  New  microanalytical  methods  have  been  devised  for  determining  the 
layer  structure,  layer  type,  and  chemical  composition  of  passivation  overcoat 
layers  on  single  pellets  of  IC  devices,  including  hermetically  packaged  and 
plastic  encapsulated  types.  The  validity  and  usefulness  of  these  methods  have 
been  demonstrated  experimentally  by  extensive  applications  for  comparative 
evaluation  of  commercial  ICs. 

(17)  The  application  of  infrared  absorption  spectroscopy  for  studying 
molecular,  structural,  and  compositional  changes  in  PSG  films,  in  corrosion 
and  leaching  studies  and  in  densification  treatments  has  been  demonstrated 
with  specific  examples.  Significant  improvements  in  spectral  resolution  of 
the  P=0  absorption  band  by  thermal  densification  have  been  attained. 

(18)  The  state-of-the-art  of  integrated  circuit  passivation  techniques 
had  been  reviewed  in  detail  prior  to  the  start  of  this  contract.  That  infor- 
mation was  refined  and  updated  concurrently  with  performance  of  the  contract, 
and  has  been  organized  into  several  technical  papers. 

(19)  We  have  considered  various  possible  glassing-related  failure  mech- 
anisms of  glass-passivated  ICs,  and  have  developed  a detailed  understanding 
of  the  factors  that  must  be  controlled  to  achieve  integrated  circuits  of  high 
reliability.  To  a large  extent,  these  findings  are  also  believed  to  be  appli- 
cable to  other  types  of  passivation  materials  deposited  by  a variety  of  tech- 
niques. 
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(20)  Commercially  available  production-type  CVD  equipment  has  been  classi- 
fied into  four  categories.  Experiments  with  Si02  and  PSG  films  have  been 
conducted  using  representative  commercial  production-type  continuous  processing 
systems  of  the  more  Important  types.  It  has  been  concluded  that  the  results 
obtained  using  these  production-type  systems  not  only  agree  in  principle,  but 
frequently  relate  on  a semiquantitative  basis,  with  results  obtained  using  a 
pilot  production-type  vertical  rotary  deposition  system. 

(21)  It  is  concluded  that  properly  controlled  chemical  vapor-deposition 
of  phosphosilicate  glass  as  a passivation  layer  offers  a number  of  significant 
technical  and  economical  advantages  relative  to  layers  of  other  materials,  or 
to  layers  deposited  by  other  techniques,  and  that  CVD  PSG  films  will  continue 
to  be  widely  used  in  IC  fabrication. 

(22)  Based  on  experimental  results  achieved  during  this  contract,  and  on 
consideration  of  available  published  information,  we  have  made  several  specific 
recommendations  of  programs  for  future  study.  The  areas  recommended  for  future 
study  include  programs  to  consolidate  and  implement  the  findings  of  this  proj- 
ect in  large-scale  production  of  integrated  circuits,  programs  to  improve  the 
passivation  of  gold-metallized  ICs,  and  research  programs  to  provide  low- 
temperature  passivation  layers  that  can  effectively  serve  as  additional  or 
alternative  moisture-  and  alkali  ion-barrier  protective  coatings. 

(23)  We  believe  that  application  of  the  findings  of  this  program  to  pro- 
duction of  glass-passivated  ICs  will  result  in  less  lot-to-lot  variation  and 
significant  improvement  in  the  reliability  of  devices. 

(24)  We  conclude  that  the  results  of  this  program  have  fully  met  the 
overall  contract  objective  of  providing  an  increased  understanding  of  the 
material  and  processing  requirements  for  successfully  glass-passivating  sili- 
con planar  metallized  integrated  circuits  to  improve  their  performance  and 
reliability. 
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X.  PROCESSING  RECOMMENDATIONS 

A.  GENERAL  CONSIDERATIONS 

The  processing  conditions  defined  in  this  section  are  based  on  the  find- 
ings presented  in  the  preceding  sections  of  this  report.  They  represent,  in 
our  opinion,  the  best  conditions  that  can  be  recommended  for  successfully 
passivating  aluminum-metallized  silicon  planar  ICs  with  PSG,  with  or  without 
SiO^  CVD  glass  overcoats.  It  must  be  realized  that  the  exact  CVD  optimum  pro- 
cessing conditions  may  differ  slightly  for  various  types  or  requirements  of 
ICs  and  for  the  specific  deposition  equipment  used  for  CVD.  The  recommended 
processing  conditions  will  therefore  be  stated  in  ranges  rather  than  in  ab- 
solute figures.  The  description  of  optimum  passivation  processing  conditions 
is  divided  into  three  segments:  (1)  pre-deposition,  (2)  deposition,  and 

(3)  post-deposition. 

B.  PRE-DEPOSITION  PROCESSING 

(1)  Make  sure  that  all  traces  of  photoresist  polymer,  photoresist  strip- 
ping agent,  and  etch  residues  from  delineating  the  aluminum  interconnect 
metallization  have  been  scrupulously  removed  by  suitable  dissolution  treat- 
ments and  exhaustive  rinsing.  It  is  important  to  conduct  rinsing  treatments 
without  allowing  the  device  wafers  to  dry  between  various  rinsing  steps,  for 
reasons  discussed  in  previous  papers  on  semiconductor  surface  contamination 
[107-110 ] . Carefully  controlled  ultrasonic  treatments  are  effective  for  dis- 
lodging particulate  contaminants.  Organic  residues  would  impair  good  adhesion 
of  CVD  layers;  etchant  residues  may  lead  to  corrosion;  and  alkali  traces  could 
lead  to  electrical  instabilities  of  the  devices.  All  of  these  impurities 
must  therefore  be  removed  before  CVD  processing. 

(2)  The  final  rinsing  and  drying  treatments  are  especially  critical. 
High-purity  deionized  and  distilled  water  of  about  10  to  15  MO/cm  specific 
electrical  resistivity  at  23°C  for  terminal  rinsing  treatments  is  needed,  if 


107.  W.  Kern,  RCA  Review  31,  207  (1970). 
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109.  W.  Kern,  Solid  State  Technology  15,  No.  1,  34  and  No.  2,  39  (1972), 
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drying  of  the  wafers  is  to  be  done  by  gentle  whirling  at  low  speed  (to  pre- 
vent atomizing  water  droplets)  in  a wafer  centrifuge.  Alternatively,  a termi- 
nal rinse  in  high-purity  sodium-free  isopropyl  alcohol  can  be  applied  immed- 
iately after  the  last  water  rinse,  followed  by  draining  and  drying  in  dust- 
free  air  in  a laminar  flow  hood, 

(3)  The  cleaned  and  dried  device  wafers  should  be  glassed  as  soon  as 
possible  after  the  terminal  rinsing  treatment.  If  storing  is  necessary,  it 
should  be  done  in  a dust-free  clean-room  atmosphere.  Storage  in  chemically 
cleaned  glassware  is  acceptable,  but  ns  stic  containers  must 'not  be  used  as 
they  lead  to  immediate  surface  recontamination  [110], 

C.  GLASS  DEPOSITION 

(1)  The  substrate  temperature  of  deposition  should  be  maintained  at  450°C 
unless  a lower  temperature  is  dictated  by  a particular  device  type.  Nearly 
all  aluminum-metallized  ICs  can  be  processed  at  450°C  without  problems.  Tem- 
peratures lower  than  450°C  have  disadvantages,  as  explained  in  Section  III, 

(2)  Preheating  the  substrate  wafers  directly  in  the  CVD  system  at  the 
temperature  of  deposition  for  about  5 minutes  is  Important  for  removal  of 
volatile  surface  impurities  and  for  thermal  equilibration  prior  to  CVD. 

Again,  a temperature  of  450°C  is  more  effective  than  lower  temperatures. 

(3)  The  oxygen-to-hydride  ratio  [0^/ (SiH^  + PH^)]  should  be  about  20:1 
(18:1  to  22:1)  if  a deposition  temperature  of  450°C  is  used.  For  lower  tem- 
peratures this  ratio  should  be  adjusted  for  optimum  deposition  rate  and  com- 
positional stability  by  referring  to  Figs.  1 to  4.  For  example,  at  350°C, 
the  optimum  oxygen-to-hydride  ratio  is  approximately  11:1,  and  at  400°C  it  is 
16:1. 

(4)  The  hydride  (SiH^  + PH^)  input  (gas  flowrate)  should  be  selected  to 
result  in  a film  growth  rate  of  about  1500  to  2500  A per  minute.  The  flow 
rate  to  be  used  depends  upon  the  size  and  type  of  the  CVD  reactor  and  the 
other  CVD  conditions.  An  exception  can  be  made  in  the  case  of  continuous 
CVD  reactors  operating  on  the  principle  of  close-spaced  nozzle  arrays  (see 
Appendix  B) , where  integrated  deposition  rates  of  up  to  1 pm/min  are  ac- 
ceptable. 
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(5)  The  silane-to-phosphine  ratio  (SiH^/PH^)  should  be  adjusted,  in 
conjunction  with  the  temperature  of  deposition  and  the  oxygen-to-hydride  ratio, 
to  result  in  a PSG  film  composition  containing  2 to  4 wt  % phosphorus,  which 
is  equivalent  to  2 to  4 mol  % P2°5‘  a start»  the  graphs  in  Figs.  5 and  6 
should  be  helpful  in  selecting  an  appropriate  ratio. 

(6)  The  nitrogen  input  (flowrate)  should  be  selected  on  the  basis  of 
best  film  uniformity,  combined  with  highest  deposition  rate  for  a given  type 
of  CVD  system.  For  the  rotary  hotplate  CVD  reactor  described  in  Appendix  D, 
for  example,  we  have  typically  used  a total  gas  flowrate  of  11  liters/min, 

of  which  10  liters/min  was  contributed  by  the  diluent  flowrate;  the  remaining 
1 liter/min  consisted  of  nitrogen-diluted  hydrides  plus  oxygen. 

(7)  Cooling  of  the  deposition  chamber  walls  or  of  the  gas  distributor 
head  is  a desirable  feature  of  a CVD  system,  because  homogeneous  gas  phase 
nucleation  is  suppressed,  which  leads  to  cleaner  film  deposits  with  a lower 
density  of  particulate  contaminants. 

(8)  Cleanliness  of  the  CVD  system  is  of  paramount  importance  for  attain- 
ing films  with  the  lowest  possible  amount  of  particulate  impurities.  These 
can  lead  to  pinholes  and  other  structural  defects  in  CVD  layers  and  must 
therefore  be  avoided.  The  formation  of  particulate  (powdery  or  colloidal) 
impurities  by  premature  gas  phase  reactions  in  low-temperature  CVD  systems 
operating  on  the  principle  of  hydride  oxidation  cannot  be  entirely  eliminated, 
and  constitutes  the  major  shortcoming  of  all  known  systems.  This  type  of 
contamination  can  be  greatly  minimized  by  instituting  frequent  cleaning  of 
the  CVD  system  to  remove  built  up  powder  deposits,  and  by  on/off  blasting  out 
all  terminal  gas  lines  with  pressurized  nitrogen  to  dislodge  and  remove  loose 
deposits.  The  use  of  large-area,  high-efficiency  submicrometer  filters  at 
the  inlets  of  the  deposition  reactor  is  also  recommended.  Maximum  flowrate 
of  nitrogen  and  cooling  of  the  reactor  walls  are  useful  in  suppressing  these 
undesirable  reactions, 

(9)  The  layer  structure  and  thicknesses  of  the  passivation  overcoat 
layers  can  be  chosen  within  a fairly  wide  range  to  suit  specific  requirements. 
For  example,  the  thickness  of  the  metallization  layer  varies  for  different 
types  of  devices;  those  having  thick  metallization  layers  also  require  a 
thicker  overcoat  layer  to  ensure  good  edge  coverage,  which  becomes  more  crit- 
ical with  increasing  thickness.  We  have  found  an  overcoat  layer  thickness 
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of  1 ym  to  be  a good  target  thickness,  but  the  thickness  can  range  from  about 
0.7  to  1.5  ym  and  can  consist  of  a single-layer  PSG  or  a double-layer  PSG  with 
SiO^  on  top.  Thicker  overcoat  layers  afford  somewhat  better  mechanical  pro- 
tection of  the  aluminum  interconnection,  but  they  are  susceptible  to  micro- 
crack formation  if  post-deposition  heat  treatments  at  450°C  or  above  are 
applied. 

(10)  The  main  function  of  the  (optional)  SiO^  top  layer  is  to  enhance 
photoresist  adhesion,  obviating  the  application  of  organosilaneNadhesion  pro- 
moting coupling  agents  that  may  otherwise  be  required  to  maintain  good  resist 
adhesion  during  pattern  etching.  Furthermore,  a SiO^,  top  layer  can  act  as 

a redundant  layer  in  eliminating  any  pinholes  that  might  be  present  in  a thin, 
single  PSG  layer.  It  is  desirable  to  deposit  the  SiO^  layer  at  a low  rate 
to  reduce  film  stress. 

(11)  Water  vapor  may  be  introduced  into  the  CVD  reactor  during  deposition 
of  the  films.  As  described  in  Section  IV,  this  technique  lowers  the  stress  in 
CVD  films  without  having  deleterious  side  effects  on  the  film  or  the  IC  sub- 
strate wafers.  This  technique  may  be  particularly  useful  in  the  deposition 
of  PSG/SiO^  bilayers.  No  further  recommendations  can  be  given  at  this  time 
since  feasibility  of  this  new  process  was  first  demonstrated  near  the  end  of 
the  contract. 


D.  POST-DEPOSITION  PROCESSING 

(1)  Optional  heat  treatments  at  450° C for  the  purpose  of  densifying  the 
passivation  glass  and  to  release  film  stresses  can  be  applied  as  discussed  in 
Section  V, 

(2)  Densification  heat  treatments  are  best  conducted  ip  an  atmosphere  of 
steam,  which  is  much  preferable  to  dry  or  moist  gases,  A treatment  period  of 
one  to  several  hours  can  be  used. 

(3)  Glass  overcoated  IC  device  wafers  should  be  thoroughly  baked  out  at 
about  200°C  before  applying  the  photoresist  coating. 

(4)  Glass  etching  for  pattern  delineation  can  be  performed  with  the  usual 
ammonium  fluoride  buffered-HF  etchants  to  maintain  good  resist  adhesion  and 

to  achieve  good  pattern  resolution. 
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(5)  Photoresist  processing  should  be  conducted  under  carefully  controlled 
conditions  to  avoid  the  introduction  of  glass  defects,  such  as  pinholes,  dur- 
ing these  operations.  The  contact  printing  step  on  aluminum-metallized  devices 
is  particularly  critical  and  is  best  replaced  by  projection  printing  or  other 
noncontact  printing  techniques,  if  at  all  possible. 

(6)  Photoresist  removal  can  be  accomplished  by  the  usual  techniques  of 
chemical  stripping,  or  by  rf  plasma  ashing  after  its  acceptability  is  demon- 
strated for  each  particular  type  of  device. 


E.  PROCESS  CONTROL 

The  physical  and  chemical  properties  of  CVD  overcoat  layers  should  be 
controlled  by  periodic  checks  to  ensure  production  within  recommended  specifi- 
cations, Practical  analytical  control  methods  to  achieve  this  have  been  pre- 
sented in  Section  VIII. 
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XX.  RECOMMENDATIONS  FOR  FUTURE  STUDIES 

In  this  section,  recommendations  are  given  for  several  specific  areas  where 
additional  passivation  studies  should  be  performed. 

A.  PRODUCTION  ENGINEERING  PROGRAM  TO  IMPLEMENT  THE  DEPOSITION  OF 
PHOSPHOSILICATE  GLASS  PASSIVATION  LAYERS  WITH  CONTROLLED  PROPERTIES 

A production  engineering  program  is  recommended  to  establish  conditions, 
on  production-type  CVD  equipment,  for  deposition  of  phosphosilicate  glass 
passivation  layers  with  controlled  physical  and  chemical  properties.  This 
program  would  be  based  on  the  results  obtained  on  the  present  contract  and 
would  include  development  of  quality  control  methods  which  are  applicable  to 
routine  monitoring  of  production  equipment  for  deposition  of  PSG  films.  Emphasis 
should  be  given  to  implementation  of  techniques  for  controlling  phosphorus  con- 
tent and  stress,  and  for  greatly  reducing  the  incidence  of  cracks  and  pinholes 
in  the  deposited  films.  Appropriate  life  test  studies  should  be  made  to  assess 
the  degree  of  passivation  attained  on  statistically  significant  groups  of  in- 
tegrated circuits,  and  a detailed  failure  analysis  should  be  made  on  any  failed 
devices  to  establish  the  physical  mechanisms  of  failure. 

B.  DEVELOPMENT  OF  TECHNIQUES  FOR  LOWERING  STRESS  IN  CVD  FILMS 

CVD  films  of  SiO^  and  of  PSG  are  in  Intrinsic  tensile  stress  as  deposited. 
This  intrinsic  stress,  combined  with  tensile  stresses  arising  because  of  re- 
crystallization of  the  underlying  metal,  can  lead  to  crack  formation  in  passiva- 
tion layers.  As  demonstrated  during  the  latter  part  of  the  present  program, 
use  of  a nitrogen  carrier  gas  saturated  with  moisture  can  result  in  significant 
reductions  in  intrinsic  stress  in  both  CVD  SiO^  and  CVD  PSG  films  deposited  at 
450°C.  The  use  of  moisture-containing  ambients  is  expected  to  have  even  greater 
advantages  for  films  deposited  at  temperatures  such  as  325°C  (as  required  for 
certain  types  of  devices) , and  is  expected  to  result  in  improved  adhesion  be- 
tween deposited  films  and  oxide  substrates.  A program  of  studies  is  recommended 
to  investigate  in  more  detail  the  effects  of  moisture  during  CVD,  to  further 
improve  conditions  of  deposition,  and  to  determine  the  applicability  of  moisture- 
containing  nitrogen  carriers  to  production-type  equipment. 
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C.  STUDY  OF  INTERFACE  PROPERTIES  BETWEEN  THE  DEPOSITED  PASSIVATION 
LAYER  AND  THE  THERMALLY  GROWN  SILICON  DIOXIDE  LAYER 

A study  should  be  made  to  characterize  the  physical  and  chemical  proper- 
ties of  the  interface  between  deposited  passivation  layer  and  the  underlying 
dielectric  layer  in  integrated  circuits.  The  exact  nature  of  the  bond  between 
the  deposited  Si02  or  PSG  and  the  underlying  thermally  grown  SiO^  is  an  im- 
portant determinant  of  the  susceptibility  of  integrated  circuits  to  several 
possible  failure  mechanisms,  including  excessive  electrical  conduction  at  the 
dielectric-dielectric  interface;  flaking,  peeling,  or  blistering  of  the  de- 
posited dielectric  during  environmental  stresses;  and  aluminum  metal  extending 
between  adjacent  conductor  lines  during  electrical  stresses.  A major  objective 
of  such  a study  would  be  to  develop  techniques  for  characterizing  interfacial 
conductivity,  adhesion,  and  other  significant  properties  of  the  dielectric- 
dielectric  interface,  and  then  to  establish  those  materials  and  processing  con- 
ditions which  must  be  controlled  to  consistently  obtain  a satisfactory  bond 
between  the  deposited  passivation  layer  and  the  integrated-circuit  dielectric 
material. 

D.  DEVELOPMENT  OF  IMPROVED  TECHNIQUES  FOR  CHARACTERIZING 
LOCALIZED  DEFECT  DENSITY  IN  PASSIVATION  LAYERS 

There  is  a great  need  to  develop  improved  techniques  for  characterizing 
localized  defects  in  passivation  layers,  including  cracks,  pinholes,  thin 
spots,  and  poor  edge  coverage.  The  possibility  of  developing  nondestructive 
techniques  should  be  investigated.  Quantitative  information  should  be  obtained 
on  the  sensitivity  of  various  methods.  The  best  available  methods  should  then 
be  used  to  determine  the  origins  of  localized  defects  in  typical  production 
processes,  and  modifications  in  processing  should  be  made  to  substantially 
lower  the  incidence  of  localized  defects  in  passivation  layers. 

E.  STUDY  OF  LOW-TEMPERATURE-DEPOSITED  SILICON  NITRIDE 

Low-temperature-deposited  silicon  nitride  layers  have  been  shown  to  be 
feasible  for  passivation  of  Al-  and  Au-metallized  integrated  circuit  wafers. 

When  these  films  are  deposited  under  suitable  conditions,  they  can  effectively 
serve  as  a moisture  barrier  and  as  an  alkali  ion  barrier.  Low-temperature  Si^N^ 
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films  have  been  deposited  by  plasma  deposition  techniques,  by  reactive  sput- 
tering, and  by  photochemical  deposition  techniques.  Considerable  work  is 
needed  to  correlate  physical  and  chemical  properties  of  low- temperature  Si^N^ 
layers  with  passivated  device  reliability,  and  to  develop  production-type 
equipment  and  techniques  for  depositing  and  characterizing  such  films.  Some 
of  the  deposition  techniques  can  produce  radiation  damage  in  the  underlying 
thermally  grown  SiC^  layer,  and,  in  these  cases,  techniques  for  minimizing 
radiation  damage  must  be  developed. 


F.  STUDY  OF  DEPOSITION  OF  INORGANIC  DIELECTRIC  FILMS 
OVER  GOLD-METALLIZED  DEVICES 

A study  should  be  made  to  establish  suitable  materials,  processes,  and 
conditions  for  deposition  of  inorganic  dielectric  passivation  layers  over 
Au-metallized  transistors  and  integrated  circuits.  Devices  with  Au  metalliza- 
tion, in  contrast  to  Al-metallized  devices,  have  several  additional  limitations, 
including  the  requirement  that  deposition  temperature  should  not  exceed  approxi- 
mately 350°C;  the  fact  that  gold  is  part  of  a bilayer  or  trilayer  metalliza- 
tion system  and  the  underlying  metal  layers  may  be  undercut  during  metal  pattern 
delineation;  and  the  fact  that  deposited  inorganic  dielectrics  tend  not  to 
adhere  to  gold  surfaces.  Passivation  layers  on  Au-meta'1 .1  ized  devices  are  de- 
sirable for  scratch  protection  during  handling,  for  protection  against  loose 
conductive  particles  in  packages  containing  a cavity,  and  for  protection  against 
electrolytic  dendrite  formation  which  can  result  in  short  circuits. 


G.  DEVELOPMENT  OF  LOW-TEMPERATURE-DEPOSITED  ALUMINUM 
OXIDE  PASSIVATION  PROCESSES 

A program  of  studies  should  be  initiated  to  assess  low- temperature- 
deposited  aluminum  oxide  layers  for  passivation  of  Al-metallized  and  Au- 
metallized  silicon  devices.  Aluminum  oxide  films,  like  Si_N.  films,  can  be 
effective  alkali  barriers,  and  can  serve  as  a moisture  barrier  when  deposited 
under  suitable  renditions.  Since  Al^O^  passivation  films  could  have  potential 
cost  and  adhesion  advantages  compared  with  2ow-temperatuie-ueposited  Si^'1^ 
films,  their  capabilities  and  limitations  should  be  Investigated.  Low- 
temperature  deposition  of  aluminum  oxide  layers  is  possible  by  chemical  vapor 
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deposition,  by  plasma  reactions,  and  by  rf  sputtering  techniques  using  a target 
of  pure  AlgO^. 

H.  STUDY  OF  LOW-TEMPERATURE  CVD  OF  TERNARY  PHOSPHOSILICATE  GLASSES 

The  addition  of  a ternary  component  to  the  glass  during  its  synthesis  by 
CVD  could  further  improve  the  properties  of  phosphosilicate  glasses  and  there- 
by tend  to  produce  glasses  of  lower  reactivity  due  to  chemical  bonding  of  a 
much  larger  fraction  of  the  phosphorus.  Considerably  higher  percentages  of 
phosphorus  than  are  presently  used  could  therefore  be  employed,  with  improved 
properties  such  as  greater  sodium-gettering.  As  an  additional  benefit  the 
linear  thermal  expansion  coefficient  would  be  increased,  lea:;u.»  to  films  of 
lower  residual  stress. 

The  ternary  component  could  be  taken  from  the  group  of  glass  forming 
elements,  in  particular  Al,  Ge,  As,  Pb,  or  B,  or  of  silica-network  modifiers 
such  as  Zn,  Pb,  or  halogens.  Compounds  of  all  of  these  elements  are  available 
that  have  sufficiently  high  vapor  pressure  to  make  their  introduction  into  the 
presently  used  hydride  CVD  process  feasible  so  that  their  co-oxidation  to  a 
ternary  homogeneous  silicate  glass  could  be  achieved. 
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NOTE  TO  READER: 

The  paper  below,  included  herein  as  Appendix  A,  has  been  published  in  the 
August  issue  of  the  Journal  of  the  Electro  chemical  Society 3 Vol . 122,  pp. 
1092-1103.  It  is  reprinted  in  this  report  because  it  is  pertinent  to  the 
contract  and  includes  a substantial  bibliography  on  the  subject  of  pas- 
sivation coatings. 
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Passivation  Coatings  on  Silicon  Devices 


G.  L.  Schnable,*  W.  Kern,*  and  R.  B.  Comizzoli* 

RCA  Laboratories,  Princeton,  New  Jersey  08540 

ABSTRACT 

Passivation  coatings  are  widely  used  to  improve  the  performance  and  re- 
liability of  silicon  devices  of  various  types,  ranging  from  discrete  mesa-type 
diodes  and  transistors  to  complex  planar  silicon  integrated  circuits,  and  in- 
cluding both  hermetic  and  plastic-encapsulated  devices.  This  paper  reviews 
the  materials  and  techniques  used  to  apply  passivation  coatings  to  completed 
silicon  devices.  Principal  production  techniques  used  in  passivation  of  silicon 
devices  include  thermal  oxidation,  high-temperature  diffusion,  high-tempera- 
ture chemical  vapor  deposition  of  SisN,  or  AI2O3,  low-temperature  chemical 
vapor  deposition  of  glasslike  SiOj  or  phosphosilicate  layers  (deposited  at  ap- 
proximately 400“C),  rf  sputtering  of  SiC>2,  mechanical  deposition  of  glass  frit 
layers  which  are  subsequently  fused,  and  application  of  organic  polymer  films. 

The  effects  of  passivation  layers  on  silicon  device  reliability  a.e  dis- 
cussed, and  the  interrelationships  among  the  silicon  device,  the  passivation 
layer  or  layers  used  and  the  final  encapsulation  are  indicated.  Pertinent  refer- 
ences on  passivation  and  on  related  topics  are  cited  in  the  text. 


Passivation  coatings  are  widely  used  to  improve  the 
performance  and  reliability  of  silicon  devices  of  var- 
ious types,  ranging  from  discrete  mesa-type  diodes  and 
transistors  to  complex  planar  integrated  circuits,  and 
including  both  hermetic  and  plastic-encapsulated  de- 
vices. This  paper  outlines  the  materials  and  techniques 
used  in  the  semiconductor  device  industry  to  achieve 
silicon  device  passivation. 

Passivation  coatings  may  be  classified  as  primary  if 
they  are  directly  in  contact  with  the  single-crystal  sil- 
icon from  which  the  device  is  fabricated,  and  as  secon- 
dary if  they  are  separated  from  the  silicon  by  an 
underlying  dielectric  layer.  The  function  of  the  pri- 
mary passivation  layer  is  to  provide  good  dielectric 
properties,  low  surface  recombination  velocity,  con- 

*  Electrochemical  Society  Active  Member, 

Key  words:  silicon  device  passivation,  silicon  dioxide,  glass  passi- 
vation, phosphosilicate  glass,  silicon  device  reliability. 


trolled  immobile  charge  density,  and  device  stability 
at  elevated  temperatures  under  bias  or  operating  con- 
ditions. The  functions  which  are  served  by  the  second- 
ary passivation  layer  are  to  provide  additional  stability 
in  various  ambients,  in  both  production  and  use,  and 
to  serve  as  getter,  impurity  barrier,  or  mechanical 
shield. 

This  paper  reviews  primary  and  secondary  passiva- 
tion materials  and  the  techniques  used  to  obtain  them, 
including  thermal  oxidation,  high-temperature  diffu- 
sion, low-temperature  deposition  of  Si02  and  binary 
silicates,  deposition  of  alkali  barrier-type  layers,  and 
deposition  of  glass  frit  or  application  of  preforms  fol- 
lowed by  fusion.  The  effect  of  passivation  layers  on 
silicon  device  reliability  is  discussed,  and  the  interre- 
lationship among  the  techniques  used  for  final  encap- 
sulation, the  passivation  layers  used,  and  device  reli- 
ability is  indicated.  Emphasis  is  given  to  those  proc- 
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esses  and  materials  which  have  been  widely  used  to 
fabricate  semiconductor  devices  in  production,  rather 
than  to  processes  used  only  to  fabricate  exploratory 
developmental  devices.  A total  of  363  references  (listed 
alphabetically)  have  been  cited  to  indicate  the  type  of 
information  which  has  been  published  on  passivation 
layers  and  on  related  topics  (1-363). 

Thermally  Grown  Silicon  Dioxides 

The  most  commonly  used  primary  passivation  ma- 
terial is  thermally  grown  SiOz,  with  thickness  ranging 
typically  from  0.5  to  1.5  urn.  In  additon  to  passivation, 
two  other  very  important  functions  of  thermal  oxides 
on  silicon  wafers  are  to  serve  as  diffusion  masks,  and 
to  serve  as  the  insulator  between  the  expanded  metal- 
lization pattern  and  the  underlying  silicon  in  planar 
devices.  Thermally  grown  oxides  are  prepared  by 
high-temperature  oxidation,  at  atmospheric  pressure, 
of  silicon  wafers  in  atmospheres  of  dry  oxygen,  wet 
oxygen,  or  steam  (11,  70,  114,  259,  72,  226,  348).  For 
surface-sensitive  devices,  oxidation  is  frequently  fol- 
lowed by  one  or  more  annealing  steps  (heat-treat- 
ments) in  appropriate  nonoxidizing  atmospheres  to 
improve  the  electrical  properties  of  the  Si-SiOj  inter- 
face (259,  47,  220,  361,  307). 

The  cleanliness  of  the  silicon  surface  is  of  great 
practical  importance  in  device  processing.  Organic  and 
inorganic  surface  contaminants  (159,  149,  150,  137,  199. 
152)  are  frequently  introduced  during  many  of  the 
wafer  processing  steps  and  must  be  removed  effec- 
tively to  achieve  high-quality  oxide  layers  and  inter- 
faces. Decontamination  is  especially  important  just 
prior  to  heat-treatments  and  can  be  carried  out  by  wet 
chemical  methods  (159.  124,  213). 

The  presence  of  alkali  ions  in  thermally  grown  SiOz 
can  result  in  device  instability  (296,  130,  114,  236,  173). 
Also  alkali  ions  are  undesirable  because  they  can  lead 
to  devitrification  of  SiOz  (202,  224,  212)  and  are  a fac- 
tor in  SiOz  dielectric  breakdown  (346,  83,  233).  Ac- 
cordingly. precautions  are  taken  to  minimize  the  le  •.( 
of  alkali  ion  contamination  during  oxidation,  and  in 
some  cases  subsequent  treatments  arc  used  to  remove 
alkali  ions  (206),  Whatever  the  process  used,  the  re- 
sults achieved  are  readily  monitored  by  measuring  sta- 
bility of  capacitance-voltage  curves  of  metal-oxide- 
silicon  capacitors  subjected  to  bias  at  an  elevated  tem- 
perature (114,  362, 72, 226)  such  as  300*C. 

In  recent  years,  the  technique  of  oxidation  in  atmos- 
pheres containing  a small  percentage  of  HC1  (or  CD 
has  been  widely  uced  to  getter  alkali  ions,  thereby  pro- 
ducing thermally  grown  oxides  with  very  low  levels  of 
alkali  ion  contamination  (260,  171,  172,  184,  231,  335, 
173),  The  HC1  gettenng  process,  in  addition  to  getter- 
ing  alkali  ions  from  SiOz,  also  removes  fast-diffusing 
interstitial  contaminants  from  silicon,  thus  increasing 
bulk  lifetime  (260,  261,  53)  and  improving  device  prop- 
erties (50, 192). 

The  thermally  grown  layer,  which  is  amorphous, 
may  be  pure  SiOz,  may  contain  boron  if  formed  by 
oxidation  of  a boron-doped  region  (115),  may  contain 
hydroxyl  if  prepared  by  wet  oxidation  (25),  or  may 
contain  chlorine  if  prepared  using  a chlorine-contain- 
ing oxidizing  ambient  (211,  52, 334). 

A very  large  body  of  literature  exists  concerning 
thermal  oxides  on  silicon  (11,  259,  226,  74,  334)  and 
on  the  effects  of  oxidation  conditions  on  the  electrical 
properties  and  stability  of  the  Si-Si02  interface  (259, 
71,  163,  72-74,  227).  This  infoimation,  to  a large  extent 
generated  in  connection  with  studies  of  MOS  devices 
(270-272,  3),  is  applicable  to  a wide  variety  of  oxide- 
passivated  silicon  devices.  Considerable  information 
has  also  been  published  on  the  radiation  hardness  of 
various  types  of  SiOz  (353,  132,  112).  Accordingly,  SiOz 
primary  passivation  phenomena  will  not  be  treated  in 
detail  in  this  paper.  The  ambient  and  temperature  dur- 
ing application,  or  during  subsequent  fusion  or  heat- 
treatment  of  the  secondary  passivating  layer  may, 
however,  modify  the  electrical  properties  of  the  Si- 


SiOj  interface,  including  the  mobile  and  immobile 
charge  density  and  the  fast  surface-state  density  (75, 
294,  309,  274,  76,  193,  361,  16).  While  this  is  particularly 
true  of  high-temperature  depositions  or  heat-treat- 
ments (temperatures  greater  than  approximately 
890‘C),  it  also  occurs  to  some  extent  during  low-tem- 
perature deposition  processes  [performed  at  450*C  or 
lower  (274)]. 

Sequence  of  Application  of  Dielectric  Layers 

Figure  1 shows  the  sequence  of  application  of  pas- 
sivation layers  to  various  types  of  silicon  devices. 
Passivation  coatings  may  be  applied  before  or  after 
metallization,  depending  on  the  type  of  device.  Some 
devices  contain  several  different  types  of  passivation 
layers,  each  having  specific  functions. 

Table  I,  II,  and  HI  show  some  of  the  physical  prop- 
erties of  commonly  used  passivation  materials.  Single- 
crystal silicon,  thermally  grown  silicon  dioxide,  alu- 
minum, and  gold  are  included  for  comparison  purposes. 

Considerable  information  exists  on  the  properties 
ar.d  stability  of  double  dielectric  structures  such  as 
MNOS  memory  devices  (55,  272,  3,  16,  349).  In  such 
structures,  the  second  dielectric  layer  serves  primarily 
as  part  of  the  active  device  rather  than  as  a secondary 
passivation  layer,  and  thus  is  not  considered  in  this 
paper. 

Thermal  oxides  which  have  served  as  high-tempera- 
ture diffusion  masks  will  have  an  overlying  layer  of 
borosilicate  glass  and/or  phosphosilicate  git.-.  In  NPN 
bipolar  transistors  and  bipolar  IC’s.  the  thin  layer  of 
phosphosilicate  glass  (EPSG),  formed  on  the  surface 
of  the  thermally  grown  SiOz  during  emitter  diffusion, 
remains  on  the  device  and  serves  as  a getter  for  alkali 
ions  present  at  that  point  (164)  or  introduced  during 
later  processing  steps.  Ir.  some  processes,  a phospho- 
silicate glass  (206)  or  emitter  diffusion  layer  (phos- 
phorus-doped) (42)  is  used  to  getter  alkali,  and  is 
subsequently  removed  by  etching. 

A very  thin  phosphosilicate  layer  has  also  been  ap- 
plied over  gate  oxides  of  some  MOS  transistors  and 
IC’s  for  gettering  purposes  (17.  266.  91,  141;.  Typically, 
this  is  accomplished  at  approximately  800'C  using  a 
diffusion  source  such  as  POCl3.  (Gettering  of  alkali 
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Fig.  1.  Sequence  of  opplicotion  of  passivation  layers  to  various 
types  of  siliron  devices.  Typical  devices  made  by  the  sequences 
indicated  by  numbers  are  as  follows:  1,  NPN  transistors,  digital 
ond  linear  bipolar  IC's;  2,  MOS  transistors,  p-chonnul  MOS  IC's, 
CMOS;  3,  face-bonded  chips;  4,  beam-lead  sealed-junction  bipolar 
devices,  plastic  encapsulated  Au-metallized  devices;  5,  beam-lead 
scaled-junction  MOS  IC's;  6,  axial-lead  diodes;  7,  high-power  di- 
odes, high-pawer  transistors,  thyristors,  devices  with  beveled  (unc- 
tion; 8,  high-voltage  devices,  high-voltage  power  devices;  9,  high- 
voltage  devices.  Designations  far  glasses  are  as  fallows:  EPSG, 
phosphosilicate  glass  farmed  by  NPN  bipolar  transistor  emitter 
diffusion;  LASG,  lead  aluminirlicote  glass;  LbASG,  lead  boroalu- 
minosilicate  glass;  USG,  lead  borosilicate  glass;  PSG,  phospho- 
silicate glass. 
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Toblo  I.  Growth  and  propcrtitt  of  typical  low-tempera  tart  passivotion  material.  Same  at  Hie  propertiet  at  thermally  grown  SiOy 

are  given  tor  comparison  purpotei. 
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ions  from  thermally  grown  Si02  by  an  overlying  phos- 
phosilicate  layer  involves  a different  mechanism  than 
the  high-temperature  process  of  gettering  of  intersti- 
tial impurities  such  as  Au,  Cu,  Fe,  and  Ni  from  Si  by 
phosphosilicatc  glasses  in  direct  contact  with  silicon.) 
Where  PSG  is  used  over  the  gate  oxide  of  MOS  de- 
vices (under  the  gate  metal),  close  control  of  the 
P-concentration  and  layer  thickness  is  required  to 
avoid  undesirable  polarisation  effects  (293,  294,  92,  82). 

For  MOS  and  PNP  bipolar  transistor  applications  in 
which  an  underlying  high-temperature  phosphosilicate 
glass  is  not  present,  special  precautions  are  tak-, 'o 
insure  that  deposited  films  do  not  contain  glkali.  For 
example,  deposited  A1  metal  must  be  r.lkali-free. 

Thermally  grown  SiOj  is  not  used  for  passivation  of 
some  discrete  devices,  particularly  high-voltage  de- 
vices, because  of  drift  effects  and  high,  immobile 
charge  density.  Primary  passivation  in  these  devices  is 
achieved  by  use  of  a silicate  glass  or  an  organic  poly- 
mer coating.  When  an  organic  polymer  is  applied  di- 
rectly to  a silicon  surface,  it  must  be  recognized  that 
real  silicon  surfaces  contain  a native  SiOa  layer 
(9,  135)  on  the  order  of  20A  thick.  The  exact  nature  of 
the  processing  prior  to  application  of  the  polymer  ma- 
terial and  of  the  polymer  itself  (135,  190)  are  signifi- 
cant factors  in  determining  initial  device  properties, 
and  also  device  stability. 

With  both  Al-  and  Au-based  metallization  systems, 
the  maximum  temperature  which  can  be  used  m pioc- 
essing  after  metallization  is  limited  by  the  melting 
point  of  the  eutectic  formed  between  silicon  and  the 
metallization  (the  Al-Si  eutectic  temperature  is  577‘C; 
the  Au-Si  eutectic  is  370"C)  rather  than  the  melting 
point  of  the  metal  itself. 

Deposited  Thin-Film  SiO;  and  Silicates 

With  IC’s  and  smali-signal  planar  transistors,  a 
secondary  passivation  coating  is  applied  to  completed 
devices  after  Al  metallization  (147,  197,  34,  275,  278, 
142).  Originally,  functions  of  the  deposited  layer  were 
to  provide  resistance  to  scratching  of  the  metallization 
pattern  during  chip  handling  (142),  and  to  provide  im- 
munity to  effects  of  loose  conductive  particles  in  her- 


Toble  II.  Stress  in  low-temperature  deposited  passivation  layers. 
Some  of  the  properties  of  thermally  grown  SiOz  and  of  Si,  Al,  and 
Au  ere  given  for  comparison  purposes. 
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metic  packages.  It  was  subsequently  realized  that 
additional  benefits  could  accrue  from  these  coatings. 
These  benefits  include  reduced  effects  of  ion  motion  on 
the  surface  (273,  275, 280),  lower  susceptibility  to  metal 
corrosion  (215,  275),  decreased  susceptibility  of  metal 
stripes  to  electromigration  failure  (31,  297,  32,  81),  im- 
proved stability  and  reliability  of  thin-film  resistors 
(144,  342,  234),  and  alkali-gettering  capability  in  the 
case  of  phosphosilicate  glasses  (PSG).  Anodic  AI2O3 
has  also  been  reported  to  reduce  susceptibility  of  Al 
metallization  to  electromigration  (180,  77,  178,  263,  81). 

Silicon  devices  in  hermetically  sealed  packages  are 
susceptible  to  the  effects  of  loose  conducting  particles 
in  the  package  (209,  207,  101)  unless  the  devices  are 
coated  with  a dielectric.  In  Al-metallized  devices,  de- 
posited SiC>2  or  PSG  is  quite  effective.  In  Au-metal- 
lized  devices,  organic  coatings  are  generally  used 
(345,  239)  since  deposited  oxides  have  low  adhesion  to 
gold  (63). 

Most  commonly,  chemical  vapor  deposition  (CVD) 
of  SiOj  on  Al-metallized  circuits  is  accomplished  at 
atmospheric  pressure  at  a temperature  of  approxi- 
mately 400*C  using  SiH.)  plus  excess  O2  in  N2  as 
carrier  (106,  145,  301,  147,  6,  19,  155,  191,  15,  27,  360, 
154) ; PSG  and  BSG  (borosilicate  glass)  are  deposited 
using,  respectively,  PH3-  and  B2H6-containing  mix- 
tures under  similar  conditions  (321,  147,  157,  6,  155, 
269,  275,  191,  15,  27,  360,  286,  287,  154).  Typically,  CVD 
layers  are  on  the  order  of  1 yim  thick.  Tetraethyl  ortho- 
silicate  (TEOS)  has  also  been  used  as  a source  for  CVD 
of  S1O2  (6).  CVD  Si02  layers  are  in  tensile  intrinsic 
stress  as  deposited  (303,  104).  Because  silicon  has  a 
higher  coefficient  of  thermal  expansion  (CTE)  than 
silicon  dioxide,  the  residual  stress  in  CVD  S1O2  films 
on  Si  at  room  temperature  is  somewhat  lower  than  the 
intrinsic  stress  of  films  as  deposited,  but  the  films  are 
still  in  considerable  tension  (175,  19,  302,  303)  (see 
Table  II). 

Deposited  SiO>  or  PSG  films,  when  heated  above  the 
deposition  temperature,  are  put  in  additional  tension, 
particularly  m regions  ovei  the  edges  of  delineated  Al 
metal  films.  Accordingly,  there  is  some  correlation  be- 
tween the  intrinsic  tensile  stress  in  deposited  films  and 
the  temperature  increment  above  deposition  tempera- 
ture which  can  be  attained  before  cracks  begin  to  form 
(269,  303). 

SiC>2  secondary  passivation  layers  on  Si  wafers  have 
also  been  obtained  by  rf  sputtering  (251,  61,  188,  99). 
The  sputtering  conditions  can  be  adjusted  to  produce 
good  coverage  of  topography  (188,  339,  161)  and  to  re- 
sult in  low  stress  (compressive)  at  room  temperature 
(251,  325).  Sputtering  processes  produce  radiation 
damage  in  the  thermally  grown  SiC>2  which  can  ad- 
versely affect  sensitive  devices  such  as  MOS  transis- 
tors and  integrated  circuits  (251,  188,  58,  187,  205,  318, 
204).  Most,  but  not  all  of  the  radiation-induced  charge 
can  be  annealed  out  by  suitable  heat-treatments.  Tech- 
niques which  reduce  the  amount  of  radiation  damage 
during  sputtering  have  recently  been  O-scribed  (58, 
187,  205,318). 

Layers  of  PSG  have  been  widely  used  because  they 
are  in  less  stress  (tensile)  than  layeis  of  Si02  as  de- 
posited by  CVD  (269,  302,  235)  and  i ave  the  ability  to 
getter  alkali  ions  (269).  PSG  is  thus  particularly  ad- 
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vantageous  for  MOS  devices,  which  are  more  surface 
sensitive  than  digital  bipolar  IC's, 

CVD  has  been  more  widely  used  than  rf  sputtering 
for  depositing  layers  of  SiOj,  PSG,  or  BSG,  because  it 
is  faster  (see  Table  I),  requires  simpler  equipment, 
and,  in  contrast  to  rf  sputtering,  produces  no  radiation 
damage  in  the  thermally  grown  SiOj. 

Deposited  SiO-  or  silicate  films  are  sometimes  densi- 
fied  by  a heat-treatment  in  a suitable  ambient  to  im  • 
prove  their  properties  (148,  305,  158).  Higher  phos- 
phorus contents  in  the  CVD  PSG  glass  reduce'  intrinsic 
tensile  stress  (which  tends  to  cause  cracking)  (269, 
303,  235)  and  increase  the  alkali-ion  gettering  capabil- 
ity of  the  passivation  layer.  On  the  other  hand,  PSG 
layers  with  excessively  high  phosphorus  concentration 
tend  to  be  hygroscopic  and  may  have  poor  stability  in 
humid  atmospheres  (225).  These  effects  can  be  reduced 
by  depositing  a thin  SiO«  layer  over  the  PSG  layer 
(158). 

Excessively  thin  passivation  layers  tend  to  contain 
more  pinholes  than  thicker  layers  (85)  and  are  less 
effective  in  covering  topography  such  as  delineated 
metal  lines.  Also,  any  charges  which  move  along  the 
surface  of  the  passivation. layer  are  closer  to  the  Si- 
SiOj  interface  and  thus  exert  more  influence  on  device 
characteristics  (273).  Thicker  layers,  however,  are 
more  likely  to  contain  nodules  and  are  more  likely  to 
crack. 

The  effectiveness  of  a passivation  layer  in  providing 
protection  against  metallization  scratches  increases 
with  increasing  passivation  layer  thickness  (277),..  It  is 
possible  to  deposit  and  delineate  crack-free  BSG  or 
PSG  layers  3 jum  thick  (157,  158)  which  afford  very 
good  scratch  protection.  With  thicker  layers,  it  is  nec- 
essary to  deposit  the  layers  under  conditions  in  which 
stress  is  not  excessive.  Consideration  must  also  be 
given  to  the  effects  of  mismatches  in  thermal  coeffi- 
cients of  expansion.  Borosilicate  containing  17  mole 
per  cent  (m/o)  BjOj  approximates  the  linear  coeffi- 
cient of  thermal  expansion  (CTE)  of  silicon  (158). 
Crack-free  layers  of  BSG  over  10  urn  in  thickness  can 
readily  be  obtained  by  CVD  at  450 "C  (157,  158). 

Regardless  of  deposited  passivation  layer  thickness, 
layers  of  deposited  dielectrics  must  be  applied  to  prop- 
erly cleaned  wafers  under  suitable  conditions  to  avoid 
metal  penetration  (20)  and  lateral  charge  spreading  or 
lateral  ion  migration  effects  at  the  interface  between 
thermally  grown  SiOz  and  deposited  dielectric  (273, 
118, 280,39). 

There  is  some  reaction  of  A1  metal  with  SiOz,  BSG, 
or  PSG  at  relatively  low  temperatures  (289),  such  as 
400SC  (277,  232,  253).  Thus,  an  intermediate  alumino- 
silicate film  forms  during  SiOj  deposition.  Subsequent 
high-temperature  processing  steps  such  as  chip-to- 
header  eutectic  bonding  and  package  sealing,  partic- 
ularly in  frit-sealed  ceramic  packages,  which  are 
sealed  at  temperatures  on  the  order  of  500'C  (200, 
343),  can  cause  additional  Al-glass  interaction.  The 
Al-SiC>2  reaction  tends  to  be  accelerated  at  localized 
Oxide  defects  and  thus  is  dependent  on  oxide  quality 
(51,232). 

Low-temperature  deposited  films  of  SiOz,  PSG,  and 
BSG  are  amorphous.  Delineation  of  deposited  SiOz 
and  PSG  films  (to  expose  bonding  pads  and  open 
scribe  lines)  is  accomplished  using  buffered  hydro- 
fluoric acid.  Delineation  of  BSG  films  is  preferably 
performed  using  unbuffered  hydrofluoric  acid  mixtures 
because  of  the  higher  etch  rate  (158). 

In  Si-gate  MOS  IC’s,  CVD  phosphosilicate  is  fre- 
quently used  as  the  dielectric  between  polycrystalline 
silicon  and  overlying  metal;  in  these  devices  it  also 
serves  as  a passivation  layer.  In  some  cases  the  PSG 
layer  is  subjected  to  a heat-treatment  at  a temperature 
such  as  1000‘C  to  obtain  some  flow  of  the  PSG  (222, 
161,  153, 340, 10). 


Characterization  of  Dielectric  Films 

The  characterization  of  dielectric  films  used  in  silicon 
device  passivation  is  based  both  on  standard  chemical, 
physical,  and  electrical  methods  established  for  surface 
and  thin-film  analysis  (198,  199,  138,  139)  and  on 
methods  developed  specifically  for  the  analysis  of  thin 
dielectric  films  (341,  137).  Special  electrical  methods 
include  metal-insulator-semiconductor  (MIS)  mea- 
surements of  the  capacitance-voltage  (C-V)  relation- 
ship before  and  after  bias  heat-treatment  (116,  296, 
259,  362,  72).  From  these  measurements  one  can  cal- 
culate the  density  of  electronic  states,  interface 
charges,  and  bulk  charges,  all  of  which  play  important 
roles  in  the  electrical  properties  and  stability  of  de- 
posited dielectrics  (296,  114,  294,  309,  226).  Measure- 
ments of  the  sheet  resistivity  of  a silicon  wafer  after 
heat-treatment  at  temperatures  over  1000*C  is  often 
used  to  estimate  the  composition  of  a deposited  binary 
oxide  film  from  the  resulting  doping  concentration  in 
the  silicon  (18,  38,  10).  X-ray  fluorescence  analysis 
(246, 306,  82),  backscattering  (186),  and  Auger  electron 
spectroscopy  (292)  have  been  used  to  determine  the 
composition  of  deposited  dielectric  films.  Infrared  spec- 
troscopy has  been  used  extensively  for  compositional 
and  structural  analysis  of  deposited  SiO;  (251,  305, 
158,  264,  265,  151.  37,  223,'  247),  PSG  (60,  158,  265,  37, 
64,  317,  247,  286,  287),  and  BSG  (251,  148,  158,  264,  151, 
315,  37.  247,  8,  312)  films.  Chemical  etch  rate  measure- 
ments have  also  been  used  to  determine  film  composi- 
tion and  relative  density  for  films  as  deposited  (251, 
146,  54,  321,  305,  158,  282,  120,  136,  110,  316)  or  after 
densification  heat-treatment  (321,  305,  158,  156).  Mois- 
ture-absorption and  adsorption,  and  resistance  of  de- 
posited dielectric  films  to  moisture  are  important  as- 
pects of  passivating  films  and  have  been  examined  by 
various  authors  (265,  151,  64,  8).  Measurements  of  sur- 
face conductivity  (46),  stress  (129,  268,  267,  175,  302, 
303,  104,  331),  and  index  of  refraction  (251,  106,  305, 
158)  of  various  deposited  dielectrics  have  been  re- 
ported. Methods  for  characterizing  localized  structural 
defects  in  dielectric  films  have  been  reviewed  recently 
(153).  Coverage  of  topography  by  deposited  films  is 
important  for  device  reliability  (107,  140,  161,  10,  179). 

Alkali  Barrier  Layers 

In  some  high-reliability  devices,  silicon  nitride 
(S13N4),  which  serves  as  both  a getter  and  an  effective 
alkali  barrier  (322,  65,  100.  41),  is  applied  over  the 
thermally  grown  SiOz  prior  to  metallization.  Alumi- 
num oxide  (A1z03),  which  is  also  an  alkali  ion  barrier 
(329,  330),  has  been  used  in  some  MOS  devices  (49, 
174,  105).  Examples  of  devices  with  ion  barriers  in- 
clude nitride-passivated  bipolar  devices  (195,  279); 
beam-lead  sealed-junction  devices  (279,  239).  and 
MNOS  devices  (262).  Silicon  nitride  can  also  be  de- 
posited over  refractory  metals  (160)  such  as  W and 
Mo,  or  over  the  polycrystalline  silicon  used  in  silicon- 
gate  MOS  devices,  A considerable  amount  of  informa- 
tion has  been  published  on  deposition  (54,  109,  87,  208, 
191,  216,  347,  258)  and  properties  (75,  54,  109,  344,  168, 
87.  265,  216,  194,  347,  193)  of  ShN-i,  and  on  device  ap- 
plications (322,  279,  262,  109,  78,  310,  337,  351,  196,  160, 
355,  195,  125,  12). 

Typically.  Si.iN*  layers  are  formed  by  reaction  of 
SiHt  or  of  SiCL  with  excess  NHs  at  temperatures  of 
800*-900*C  at  atmospheric  pressure.  Layer  thicknesses 
of  0.1-0.2  pm  are  generally  used  as  alkali  barrier  layers 
in  bipolar  devices.  AI5O3  is  prepared  by  GVD  from 
AliCU  4-  Hj  -f  COz  (328,  329,  88,  326)  at  approxi- 
mately 900'C. 

Delineation. of  SbNz  or  AhOj  films  is  performed  us- 
ing hot  (180!C)  phosphoric  acid  (336),  In  MOS  devices 
in  which  the  Si3N4  is  used  under  the  gate  metal,  the 
thickness  of  the  S13N4  is  on  the  order  of  0.03-0.05 
(262,  12).  Both  thickness  and  dielectric  constant  must 
be  closely  controlled  in  this  type  of  MOS  application. 

Although  defect-free  silicon  nitride  layers  are  effec- 
tive diffusion  barriers,  it  must  be  recognized  that  many 
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nitride-passivated  devices  have  exposed  underlying 
thermal  oxide  at  each  contact  cut  and  at  the  periphery 
of  the  chip.  Although  procedures  exist  tor  sealing  the 
edges  with  nitride,  this  is  frequently  not  done  because 
of  the  additional  process  complexity  arid  the  chip  area 
penalty  involved,  With  unsealed  oxide,  edges,  lateral 
migration  of  alkali  is  possible,  and  has  been  shown  to 
adversely  affect  silicon  device  reliability  (208).  While 
the  effects  of  alkali  ions  on  stability  of  threshold  volt- 
age of  MOS  devices  have  been  the  subject  of  many 
■tudies,  it  has  also  been  clearly  established  that  alkali 
ions  can  adversely  affect  bipolar  devices  (279,  310,  208, 
195,  77). 

Fused  Glass  Layers 

Fused  glass  films  are  used  on  various  device  types. 
Table  III  shows  the  composition  and  properties  of 
typical  fused  glasses  used  in  silicon  device  passivation! 
Planar,  aluminum-metallized  IC’s  have  made  use  of  a 
thin  (~1  pi n)  fused  glass  layer  applied  over  metal 
(68,  69,  323).  The  high  CTE  permits  only  very  thin 
layers,  which  can  be  applied  by  careful  sedimentation 
of  fine  powder,  as  is  described  later.  Pinholes  in  the 
glass  film  on  such  devices. can  lead  to  metal  corrosion 
(7).  Power  devices  of  planar  or  mesa  structure  often 
use  fused  glass  as  a direct  passivant  on  the  high-volt- 
age junction  (169,  126).  Various  techniques  for  high- 
voltage  axial-lead  diode  passivation  make  use  of  beads 
of  fused  glass  powder  (79,  80),  glass  sleeves  with  metal 
studs  (56,  44),  or  glass  sleeves  with  glass  beads  as  end 
seals  (67). 

The  composition  of  glass  used  to,  form  fused  layers 
for  device  passivation  depends  on  the  device  process- 
ing restrictions  and  designed  operating  characteristics. 
Important  properties  of  the  starting,  glass  are  particle 
size  (in.  the  case  of  powders),  fusion  temperature,  and 
melt  viscosity.  For  the  fused  layer,  the  important  prop- 
erties are  chemical  durability,  CTE,  and  dielectric 
properties,  in  particular,  ionic  mobility  at  intended 
device  operating  temperature.  Since  the  CTE  increases 
and  chemical  durability  decreases  with  decreasing  fu- 
sion temperature,  tradeoffs  based  on  device  processing 
requirements  and  intended  use  must  be  made  (214, 
354).  As  an  example,  low  me.ting  glasses  used  over 
aluminum  can  be  applied  in  thicknesses  of  only  a few 
microns  (242). 

Because  of  their  good  chemical  stability,  lead  oxide- 
containing  glasses  are  widely  used,  but  the  high  ionic 
mobility  of  the  lead  i„n  above  about  125'C  in  some 
glasses  of  this  type  limits  device  operating  temperature 
(162,  295,  40,  290).  For  example,  lead  aluminosilicate 
glasses  (LASG)  are  used  in  mesa  grooves  for  thyristor 
and  othei  high  power  device  passivation  (351,  352,  62) 
where  device  operating  temperature  of  125*C  is  suf- 
ficient. The  low  CTE  of  such  glasses  permits  the  appli- 
cation of  thick  layers  directly  on  silicon  in  the  grooves 
(355,  356),  and  the  chemical  stability  permits  contact 
etching  and  nickel  plating,  of  the  device  after  high- 
temperature  fusion  (-^OO'C)  of  the  glass  powder. 
The  addition  of  boron  oxide  (LBASG)  (40,  221,  357) 
permits  further  decrease  of  ionic  mobility  and  also  of 
fusion  temperature  (to  about  700’C),  rendering  the 
glass  suitable  for  use  on  higher  operating  temperature 
devices  (88),  such  as  power  transistors.  However,  CTE 
is  increased  (see  Table  I).  ZnO  is  usually  added  to  such 
glasses  (LAZBSG)  to  moderate  the  CTE  increase. 


With  boron-containing  glass  of  high  fusion  tempera- 
ture (2s900*C),  it  Is  riot  possible  to  fuse  the  glass  di- 
rectly on  the  silicon  because  of  doping  effects.  An  in^ 
lermediate  SiOj  barrier  layer  is  then  necessary. 
Glasses  with  ZnO  and  B2O3  as  major  constituents  have 
higher  device  operating  temperature  capability  be? 
cause  of  reduced  ionic  inobility  (162,  45,  221).  In  some 
eases,  however,  reduced  chemical  resistance  of  such 
glasses  limits  subsequent  processing  options. 

For  scratch  and  ambient  protection  over  metalliza- 
tion on  planar  IC’s  and  small-signal  transistors,  where 
the  glass  is  applied  over  the  entire  wafer,  the  glass 
must  fuse  at  a temperature  compatible  with  the  metal- 
lization. This  is  an  important  restriction  in  the  case  of 
A1  metallization  since,  as  previously  indicated,  the 
Al-Si  sjstem  forms  a eutectic  melting  at  577*C.  Also 
the  low-melting  glasses  used  have  a high  CTE,  and 
therefore,  to  avoid  cracking,  only  very  thin  layers  can 
be  used  (240,  242,  133,  325,  88,  125). 

Depending  on  thickness  desired,  the  powdered  glass 
may  be  deposited  by  several  methods,  For  thin,  pin- 
hole-free  films  on  the  order  of  1 or  2 pin  thickness, 
sedimentation  in  a centrifuge  is  suitable.  Procedures 
for  dispersing  the  glass  powder  in  the  suspending 
liquid  and  choice  of  liquid(s)  are  important  for  obtinri4 
ing  thin,  uniform,  pinhole-free,  and  adherent  glass 
films  (248, 240, 250, 249)  by -this  technique. 

For  thicker  layers  of  about  5-25  pm,  doctor-blading 
of  a slurry,-  electrophoretic  deposition,  spinning  on  of 
photoresist-glass  mixtures,  application  of  beads  of 
glass  powder  in  a slurry,  and  silk  screening  (245)  can 
be  used.  Doctor-blading  requires  a step-  or  groove- 
type  geometry  for  the  selective  placement  of  the  glass, 
and  is  suited  to  mesa-type  devices.  Electrophoretic 
deposition  (123,  313,  217)  is  used  for  various  power 
devices,  arid  can  be  rinade  selective  by  using  insulator 
films  to  mask  areas  where  no  glass  is  desired  (283- 
285).  Photoresist-glass  powder  compositions  permit 
reihovcl  of  unwanted  glass  before  fusion,  thus  elim- 
inating an  etching  step  (13). 

For  axial-lead,  diodes  passivated  with  fused  glass 
powder,  a drop  of  slurry  tan  be  formed  about  the  diode 
arid  stud  lead  assembly.  In  the  case  of  preforms,  the 
glass  tubes  for  axial  diodes  arc  fitted  over  the  device 
and  fused  into  contact.  High  ambient  pressure  applied 
during  fusion  permits  a lowering  of  fusion  temperature 
(56),. Combinations  of  glass  powder  as  a bonding  agent, 
and  preforms  as  the  passivating  layer,  have  also  been 
described  (218). 

Other  glass  application  techniques  include  the  use 
of  various  oxide  thin  films  as  a bonding  layer  between 
fused  glass  powder  and  the  silicon  surface  (241,  244, 
251,  243)  and  the  formation  of  a glass  in. situ  by  firing 
of  a silicon  device  with  deposited  glass-forming  oxide 
powders  (134). 

The  various  analytical  techniques  already  noted  fqr 
grown  or  deposited  layers'  are  also  useful  for  charac- 
terizing fused  glass  materials  (247,  153).  In  addition, 
differential'  thermal  analysis  (102),  microhardness 
testing  (331),  and  particle  size  analysis  (143)  of  the 
powder  are  valuable  test  methods  to  assure  the  attain- 
ment of  high-quality  layers. 


Tatia  III.  Typical  fused  glasses.  Same  of  the  properties  of  silicas  art  given  far  comparison  purposes. 
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PASSIVATION  COATINGS  ON  SILICON  DEVICES 


Passivation  Layers  and  Silicon  Device  Reliability 

Most  of  the  presently  available  small-signal  planar 
transistors  and  integrated  circuits  are  Al-metallized 
and  are  passivated  with  a thin  layer  of  SiOj  or  PSG, 
The  primary  purposes  of  this  layer  are  to  provide 
scratch  protection  during  handling  (142),  to  achieve 
immunity  to  shorts  caused  by  loose  particles  in  pack- 
ages with  a cavity,  to  reduce  susceptibility  of  the  A1 
metallization  to  corrosion  (275),  and  to  meet  customer 
specification  requirements.  With  complex  IC’s,  in- 
creased electrical  and  visual  inspection  yields  fre- 
quently more  than  compensate  for  the  costs  of  applying 
and  delineating  a passivation  layer.  Glass  passivation 
layers,  deposited  over  the  metallization  pattern,  have 
also  been  shown  to  significantly  increase  device  relia- 
bility (197,  97,  276,  125,  185,  324,  127). 

Glass  passivation  is  frequently  performed  on  all 
wafers  by  the.  same  process,  without  regard  to  whether 
the  final  product  will  be  commercial  or  high-reliability, 
in  plastic  or  in  hermetic  packages,  or  will  be  rated  for 
limited  temperature  or  full  temperature  operation. 
Obviously,  the  thickness  and  composition  of  the  passi- 
vation layer  which  meet  all- of  these  diverse  require- 
ments involve  some  tradeoffs  and  compromises.  Our 
experimental  studies  (156)  have  shown  that  in  a sub- 
stantial portion  of  the  integrated  circuits  manufactured 
in  the  last  several  years,  the  passivation  layer  contains 
pinholes,  cracks,  or  a combination  of  these.  A number 
of  publications  also  confirm  this  finding  (157,  278,  140, 
144;  210,  89.  153,  338,  21). 

Cracks  in  passivation  layers,  when  present,  frequently 
occur,  at  and  run  along  topographic  steps  or  along  the 
edges  of  delineated  metal  conductors  or  thin-film  re- 
sistors (140,  144).  and  thus  cannot  be  seen  by  optical 
microscopy.  Pinholes  in  the  dielectric  over  alloyed 
metal  are  generally  very  difficult  to  see  by  optical 
microscopy  because  of  the  rough  topography  of  the 
fecrystallizcd  aluminum.  Both  cracks  and  pinholes 
can  be  revealed  by  scanning  electron  microscopy 
(SEM),  or  by  subjecting  the  chip  to  immersion  in  an 
etchant  which  does  not  dissolve  the  dielectric  but  is 
capable  of  dissolving  the  underlying  material  (85,  254, 
144,  89,  153).  After  chemical  etching  to  undercut  the 
Al,  the  actual  pinhole  in  the  dielectric  is  generally 
visible,  by  optical  microscopy,  in  the  center  of  the  un- 
dercut area  (153). 

Pinholes  in  the  passivating  glass  can  occur  for  a 
variety  of  reasons.  They  may  be  present  in  the  passi- 
vation layer  as  deposited  <85,  27),  may  arise  during 
etching  to  open  the  bonding  pads  (because  of  holes  in 
the  photoresist  layer),  or  may  be  created  by  the  con- 
tact printing  operation  or  by  impact  during  chip 
handling  (142). 

In  a recent  study  (156),  two  classes  of  pinholes 
were  evident  in  samples  of  IC’s  from  six  manufactur- 
ers. The  more  common  class  was  pinholes-ih  the  cen- 
tral regions  of  aluminum  lines.  Another  type  observed 
was  pinholes  along  the  edge  of  the  delineated  metal 
lines  (153).  The  edge  pinholes  are  attributed  to  inade- 
5’aate  coverage  of  metal  edges  by  the  photoresist  and 
can  generally  be  avoided  by  the  use  of  thicker  photo- 
resist layers  or  improved  photoresist  application  tech- 
niques. Those  pinholes  which  occurred  in  the  central 
areas  of  delineated  lines  are  to  a large  extent  believed 
to  be  attributable  to  the  presence  of  hillocks  in  the 
aluminum  which  occur  because  of  recrystallization  of 
the  aluminum  during  the  contact  alloying  step  (188, 
179.  156).  Even  if  a hillock  is  completely  covered  with 
dielectric  during  the  subsequent  step  of  deposition  of 
the  passivation  layer,  the  hillock  may  not  be  ade- 
quately covered  by  photoresist,  the  photoresist  may 
be  pushed  away  from  the  peak  of  the  hillock  during 
contact  printing,  or  the  contact  printing  step  may  frac- 
ture the  dielectric  over  the  hillock.  Any  of  these  three 
conditions,  or  a combination,  will  result  in  a pinhole 
through  the  passivation  layer,  exposing  a region  of 
underlying  metal.  Handling  of  wafers  can  result  in 
impact  cracks  and  scratches  (142), 


Al-metallized  IC's  are  considerably  more  susceptible 
to  failure  due  to  opens  as  a result  of  Al  corrosion  dur- 
ing operation  if  the  passivation  layer  contains  cracks 
(235,  358)  or  pinholes  (156)  over  the  metal  lines.  De- 
fects in  passivation  layers  also  increase  susceptibility 
to  ionic  contaminant  effects  (156,  111),  The  require- 
ments for  attaining  crack-free,  pinhole-free  passiva- 
tion layers  are  very  similar  to  the  requirements  for  a 
first-layer  deposited  dielectric  in  multilevel-metallized 
integrated  circuits.  These  include  minimizing  hillocks, 
low-stress  dielectric  deposition  conditions,  good  cover- 
age of  the  edges  of  delineated  metal,  and  proper  photo- 
lithographic procedures  (303,  278,  104,  161,  103,  153, 
340), 

Fhosphosilicate  layers  with  an  excessively  high  con- 
centration of  phosphorus  are  hygroscopic  and  have 
led  to  aluminum  corrosion  problems  (235,  358,  93,  359). 
On  the  other  hand,  the  use  of  low-phosphorus  glass 
compositions  which  result  in  cracks  over  or  along  the 
edges  of  aluminum  metal  lines  can  lead  to  localized 
metal  corrosion  problems  (235),  The  density  and  struc- 
ture of  phosphosilicate  films  are  factors  which  influ- 
ence the  optimum  phosphorus  content  (225). 

The  effectiveness  of  a passivation  layer  can  be  as- 
sessed by  accelerated  techniques  in  which  the  devices 
are  exposed  to  high  relative  humidities.  One  commonly 
used  condition  is  reverse  bias  or  operating  life  at  85% 
relative  humidity  at  85*C.  A considerably  more  severe 
test  is  to  apply  bias  to  devices  which  are  in  a pressure 
cooker,  for  example,  at  15  psig  (121°C), 

Moisture  plus  bias  can  result  irr  electrochemical  .cor- 
rosion of  metal.  Electrochemical  corrosion  normally 
would  be  expected  to  result  in  open  metal  lines  which 
have  positive  (anodic)  bias  relative  to  adjacent  lines 
(298,  166);  with  Al-metallized  integrated  circuits,  cor- 
rosion of  circuit  lines  which  are  cathodic  has  also  been 
reported  (166, 235),  Stress-corrosion  cracking  (30)  may 
be  a factor  in  accelerating  cathodic  corrosion  of  Al 
metallization  lines  at  grain  boundaries.  Corrosion 
mechanisms  of  Al  can  be  chemical  as  well  as  electro- 
chemical, and  in  either  case  temperature  (5),  pH 
(252,  170),  and  presence  of  chlorides  (252,  170)  are 
important  factors  in  determining  corrosion  rate  and 
corrosion  products. 

The  more  costly  metallization  system  Ti-Pt-Au,  with 
Au  wire  bonds,  has  been  shown  to  be  superior  to  Al 
for  corrosion  resistance  (350,  119,  165).  With  Au  metal- 
lization systems,  electrolytic  corrosion  can,  however, 
result  In  formation  of  dendrites  which  form  shorts 
between  conductors  ( 170,  203,  288, 117). 

Device  Encapsulation 

Final  encapsulation  of  silicon  devices  may  be  in 
hermetically  sealed  packages  (181,  94,  35,  22,  200,  343, 
255),  in  molded  plastic  packages  (181,  22,  4,  165,  113, 
189,  23),  in  cast  plastic,  or  by  conformal  plastic  coating 
of  chips  mounted  on  hybrid  substrates  (345,  122).  The 
encapsulation  process  provides  the  final  means  for 
passivation  of  the  device.  The  device  reliability,  in 
terms  of  both  stability  of  electrical  characteristics  and 
susceptibility  to  catastrophic  failure,  is  a complex  func- 
tion of  the  device  design  and  processing  techniques 
and  materials  used,  including  the  metallization,  the 
passivation  layer  or  layers,  and  the  final  encapsulation. 

Early  silicon  devices  were  primarily  sealed  in  her- 
metic packages.  The  plastic-encapsulated  silicon  de- 
vices initially  offered  had  reliability  limitations  (183, 
215,  310,  36,  276,  98,  108,  304)  which,  to  a large  extent, 
have  now  been  overcome  (24,  95,  98,  165,  113).  Plastic 
encapsulation  does -permit  lower  costs,  provides  me- 
chanically rugged  packages,  provides  freedom  from 
loose  particle  problems,  and  permits  smaller  package 
size. 

Hermetically  sealed  devices  are  not  totally  immune 
to  ionic  contamination  and  moisture  effects  (20,  209, 
140,  319,  332,  239),  Ionic  contaminants  may  be  inad- 
vertently sealed  in  the  package  (319,  320).  Also,  a per- 
.ei'.'Su  of  the  devices  in  completed  electronic  equip- 
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ment  are  not  actually  hermetically  sealed.  (300,  209,  1), 
either  because  they  escaped  .hermeticlty  screening 
tests,  or  because  the  hermetic  seal  became  damaged 
during  device  handling  or  equipment  assembly  (l).In 
such  cases,  a suitable  passivation  layer  can  provide 
some  protection  against  A1  corrosion  or  electrolytic 
Au  migration  reactions. 

The  plastic  formulations  initially  -used  for  molding 
silicon  devices  were  based  on  phenoiics,  epoxies,  and 
silicones  (128,  36,  28,  200.  97,  121,  201,  165,  113).  In 
many  cases  a junction  coat  (layer  of  plastic  such  as  an 
epoxy,  silicone  varnish,  or  room-temperature  vulcan- 
izing silicone  elastomer)  was  applied  prior  to  molding 
(84,  97,  121,  311,  165.  2).  Plastics  can  be  a source  of  ions 
(182,  128,  230,  228,  29.  166,  177,  308)  or  impurities  (183, 
230.  135,  298,  176)  which  adversely  affect  silicon  de- 
vices, particularly  in  moist  atmospheres  and  under 
bias  conditions.  In  the  last  several  years,  a considerable 
number  of  process  and  materials  changes  has  been 
made  to  improve  .the  reliability  of  plastic-cncapsulated 
silicon  integrated  circuits  (96,  24,  95,  98,  165,  113). 
Most  notable  of  the  improvements  is  the  use  of  novolac 
epoxy  formulations  with  high  glass  transition  tempera- 
tures (165). 

Silicones  are  extensively  used  for  encapsulation  of 
power  devices  (201,  26)  and  for  beam-lead  devices 
(345,  237),  In  general,  silicones  permit  high  in-process 
temperatures  and  higher  maximum  storage  tempera- 
tures (201,  257)  than  epoxy-  or  phenolic-based  encap- 
sulating compounds. 

Various  test  devices  and  accelerated  testing -tech- 
niques have  been  developed  for  evaluating  the  stability 
of  passivated  devices  under  severe  environmental  con- 
ditions (314,  256,  238,  257).  For  plastic-encapsulated 
devices,  a moisture-containing  ambient  constitutes  an 
effective  means  for.  accelerating  ion  migration  effects 
or  chemical  or  galvanic  corrosion  of  the  metallization 
pattern  on  the  chip  (182,  28,  237,  33,  7/90,  256,  121,  29, 
238,  229,  291,  236,  257, 189,  23, 166, 176, 177).  Moisture  is 
an  important  factor  since  surface  conductivity  of  Si02 
and  of  other  passivation  materials  increases  by  several 
orders  of  magnitude  with  increase  in  relative  humidity 
(131,46). 

In  general,  passivation  techniques  provide  only  par- 
tial protection  against  ambient  effects.  For  example, 
silicon  nitride-passivated  devices  may  be  protected 
against  alkali  penetration  into  the  underlying  SiOz, 
but  may  be  influenced  by  potential  buildup  at  insula- 
tor-insulator interfaces  or  at  the  ambient-upper  di- 
electric interface.  Increased  device  stability  is  fre- 
quently obtained  by  specific  device  construction  fea- 
tures which  make  the  device  less  surface  sensitive. 
Examples  include  resistive  overlays  (57),  use  of  dif- 
fused channel  stoppers  (273,  49),  field  plates  (48,  43, 
363,  59),  ion  implanted  surfaces  (299,  219),  and  use  of 
beveled  junctions  (66,  167,  327,  14,  62)  in  high-voltage 
devices. 

The  most  reliable  silicon  devices  are  those  in  which 
device  design,  wafer  processing,  metallization,  passiva- 
tion, assembly,  encapsulation;  and  electrical  testing 
are  all  specified  to  minimize  the  incidence  of  conditions 
which  result  in  known  failure  mechanisms,  and  ade- 
quate in-process  controls- (39)  are  applied  during  the 
entire  device  fabrication  sequence;  thus  reliability 
(278,  333,  281,.  324,  236,  239)  is  designed  into  the 
product. 
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APFENDIX  B 

SURVEY  OF  GVD  REACTOR  SYSTEMS  AND  EQUIPMENT 

by 

W.  Kern 

A.  REQUIREMENTS  FOR  REACTOR  SYSTEMS 

A CVD  system  for  depositing  passivating  films  of  the  type  described  must 
provide  equipment  that  accomplishes  the  following  functions  [B-l  to  B-5]: 

(1)  Transport,  meter,  and  time  the  diluent  and  reactant  gases  enter- 
ing the  reactor; 

(2)  provide  heat  to  the  site  of  reaction,  namely,  the  substrate 
material  being  coated,  and  control  this  temperature  by  automatic 
feedback  to  the  heat  source;  and 

(3)  remove  the  by-product  exhaust  gases  from  the  deposition  zone 
and  safely  dispose  of  them. 

The  reactor  system  should  be  designed  to  fulfill  these  three  primary  functions 
with  maximum  effectiveness  and  simplicity  of  construction.  It  must  consis- 
tently yield  glass  films  of  high  quality;  good  thickness  and  compositional 
uniformity  from  wafer  to  wafer  and  from  run  to  run;  and  high  purity  with  a 
minimum  of  structural  imperfections  such  as  pinholes,  cracks,  and  particulate 
contaminants.  For  research  applications  these  requirements  are  usually  quite 
sufficient,  but  for  large-scale  production  applications  the  system  should,  in 
addition,  perform  with  high  throughput,  be  simple  and  safe  to  operate,  and  be 


B-l.  C.  F.  Powell,  J.  H,  Oxley,  and  J.  M.  Blocher,  Jr,,  Eds.,  Vapor  Deposi- 
tion, (John  Wiley  and  Son3,  Inc.,  New  York,  1966), 

B-2,  D.  S.  Campbell,  in  Handbook  of  Thin-Film  Technology , L.  I.  Maissel  and 
R.  Glang,  Eds.,  (McGraw-Hill  Book  Co.,  New  York,  1970),  pp.  5-1  to  5a25. 

B-3.  E.  L.  MacKenna,  Proc.  1971  Semiconductor/lC  Proc.  and  Prod.  Conf., 

Ind.  and  Sci.  Conf.  Mtg,,  Chicago,  ill.,  (1971),  pp.  71-83. 

B-4.  Chemical  Vapor  Deposition  (Intn'l  Conf.):  J.  M.  Blocher,  Jr.,  and 

J.  C.  Withers,  Eds.,  - Second  intn'l  Conf.,  The  Electrochemical  Soc., 
New  York,  1970;  F.  A.  Glaski,  Ed.  - Third  Intn'l  Conf.,  The  American 
Nuclear  Society.,  Hinsdale,  111.,  1972;  and  G.  F.,  Wakefield  and  J.  M. 
Blocher , Jr.,  - Fourth  Intn'l  Conf.,  The  Electrochemical  Soc., 
Princeton,,  N-.J.,,  1973,. 

B-5.  M.  L.  Hammond,  j.  Vac.  Sci,  Technol.  10,  268  (1973). 
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easy  to  maintain  routinely.  Labor-saving  automation  [B-6]  and  computerization 
are  attractive  additional  options  that  can  be  well  worth  the  increased  capital 
cost  in  reducing  labor  costs,  resulting  in  net  savings.  Similar  considera- 
tions concern  the  capital  cost  of  the  equipment,  which  ranges  from  less  than 
$3,000  for  an  in-house  built  research  or  pilot  production  unit  to  over  $70,000 
for  a high-capacity  production  system.  The  capital  cost  must  be  carefully 
evaluated  in  terms  of  the  system's  actual  product  output,  operator  and  mainte- 
nance labor  required,  consumed  gases,  power  consumption,  and  parts  replacement 
cost. 

A considerable  degree  of  sophistication  and  refinement  has  been  engineered 
into  present-day  commercial  reactor  systems,  emphasizing  maximum  product 
throughput,  improved  process  control,  and  convenience  and  economy  in  process- 
ing and  equipment  maintenance.  Various  techniques  for  process  automation 
have  been  developed,  including  full  computer  automation  with  separate  digital 
control  of  each  of  the  various  parameters  such  as  temperature  control,  gas 
composition,  and  timing  sequence.  Heating  is  usually  effected  by  resistance- 
heating techniques,  and  operation  is  at  nominally  atmospheric  pressure.  Pro- 
visions have  been  made  in  several  of  the  commercial  reactors  for  cooling  of 
the  reactor  walls  or  the  gas  distributor  to  suppress  homogeneous  gas  phase 
nucleation. 

B.  BASIC  TYPES  OF  REACTORS 


Reactors  can  be  classified  in  essentially  four  main  categories,  accord- 
ing to  their  gas  flow  characteristics  and  principle  of  operation: 

(1)  Horizontal  tube  displacement  flow  reactors, 

(2)  Rotary  vertical  batch-type  reactors. 

(3)  Continuous  reactors  employing  premixed  gas  flew  fed  through  an 
extended  area  slotted  disperser  plate. 

(A)  Continuous  reactors  employing  separate,  nitrogen-diluted  oxygen 
and  hydride  streams  that  are  directed  toward  the  substrate  by 
laminar  flow  nozzles. 

The  schematic  diagrams  presented  in  fig.  B-I  show  the  basic  features  of 
these  four  types.  Each  system  and  its  variants  are  briefly  discussed  and 

B-6,  W.  C.  Benzing  and  R.  Fisk,  Solid  State  Technol,  18,  No,  1,  39  (1975), 


182 


0 H 


H 

0 


0=02+N2  H»  SiH4  + N2  ±PH3  E * EXHAUST  GASES 
oooooo  = RESISTANCE  HEATER  — = SUBSTRATE  WAFER 
* DIRECTION  OF  GAS  FLOW 
-►  = DIRECTION  OF  TRAVEL 

A.  Horizontal  tube  displacement  flow  reactors. 

B.  Rotary  vertical  batch-type  reactors. 

C.  Continuous  reactors  employing  premixed  gas  flow  fed 
through  an  extended  area  slotted  disperser  plate. 

D.  Continuous  reactors  employing  separate,  nitrogen- 

di luted. oxygen  and  hydride,  streams  that. are  directed 
toward  the  substrate  by  laminar  flow  nozzles. 


Figure  B-l.  Operating  principles  of  the  basic  types  of  CVD 

reactors  for  preparing  passivation  overcoat  layers. 
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exemplified.  Data  oh  commercially  available  equipment  to  be  described  were 
derived  from  information  supplied  by  the  manufacturer  rather  than  by  experi- 
mental studies  by  the  author  other  than  inspection  of  the  equipment,  (This 
statement  applies  only  to  the  CVD  reactor  system  and  equipment  section,  not 
to  the  subsequent  experimental  section  where  results  of  original  research  are 
presented.) 

C.  HORIZONTAL  DISPLACEMENT  FLOW  REACTORS 


Horizontal  tube  reactors  consisting  of  an  elongated  quartz  tube  of  circu- 
lar or  rectangular  cross  section,  as  used  in  high-temperature  semiconductor 
processing,  were  the  first  types  used  in  CVD  of  oxides  at  low  temperature. 

The  diluent  and  reactive  gases  are  continually  being  supplied,  and  are  usually 
mixed  and  dispersed  at  the  point  of  entry  into  the  tube.  The  mixed  gas  stream 
passes  over  the  heated  substrates  which  rest  on  a tilted  wafer  carrier.  Heat 
may  be  supplied  resistively  from  outside  the  tube  or  from  within  the  wafer 
carrier.  Displacement- type  forced  laminar  gas  flow  of  this  type  features  a 
low  degree  of  gas  mixing,  requiring  careful  optimization  of  the  gas  dynamics 
to  obtain  good  film  uniformity  in  thickness  and  composition.  Critical  factors 
affecting  film  uniformity  are  substrate  positioning,  temperature  profile  of 
the  deposition  zone,  geometry  of  reactor^  and  exhaust  configuration.  Several 
types  of  CVD  systems  based  on  horizontal  displacement  flow  reactors  are 
commercially  available.  A schematic  of  the  basic  system  is  shown  in  Fig.  B-1A. 

A horizontal,  internally  resistance-heated  flow  reactor  manufactured  by 
Applied  Materials  Technology,  Inc.*  has  a capacity  for  ten  5-cm-diameter 
wafers  per  batch.  Cycle  time  for  a 5000-R- thick  £>162  deposition  is  approxi- 
mately 15  minutes.  Uniformity  of  film  thickness  is  specified  as  typically 

1 +7.5%  within  a wafer,  +10%  from  wafer  to  wafer  within  a run. 

\ ’ ' 

i A tubeless  horizontal  production  reactor  of  entirely  different  design 

j is  manufactured  by  Thermco.**  It  utilizes  a resistance-heating  block  with 

j the  gases  introduced  across  its  width  to  minimize  depletion  of  the  gas 


*AMS-2600  Silox  System,  Applied  Materials  Technology,  Inc.,  2999  San 
Ysidro  Way,  Santa  Clara,  CA  95051. 

**Thermco  Thor  II  Oxide  Reactor,  Thermco  Products  Corp,,  Box  1875, 
Orange,  CA  92667. 
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reactants  moving,  across  the  heating,  platen.  The  gas  delivery  system  has 
provision  for  bi-directional  gas  entry/exhaust.  The  unit  has  a loading 
capacity  for  27  5-cm  wafers  and  a deposition  rate  capability  of  1000  X/min. 

The  film  uniformity  within  a wafer  is  +5%,  and  -K10%  from  wafer  to  wafer. 

A developmental  close-spaced  horizontal  cold-wall  reactor  has  also  been 
described  [B-7],  A high-velocity  stream  of  the  premixed  gases  passes  over 
the  resistance-heated  substrate  wafers  parallel  to  their  surface.  The  reactor 
can  accommodate  28  wafers  of  5-cm  diameter. 

D.  ROTARY  VERTICAL  BATCH  REACTORS 

In  rotary  vertical  reactors  for  batch  processing,  the  substrate  wafers 
are  placed  on  a plate  rotating  above  a resistance  heater  (Fig.  B-1B).  The 
reaction  chamber  consists  of  a cylindrical,  conical,  or  hemispherical  bell 
jar  that  may  have  provisions  for  cooling.  The  gases  enter  through  single  or 
multiple  inlets  from  the  top  or  side  of  the  belljar,  pass  over  the  substrates, 
and  exit  at  the  bottom  of  the  chamber  below  the  rotating  plate.  The  incoming 
gases  mix  gradually  with  the  partially  reacted  gas  before  passing  over  the 
substrates.  Intentional  changes  in  gas  composition  therefore  proceed  gradually 
(rather  than  abruptly  as  in  the  case  of  horizontal  flow  reactors),  which  for 
the  present  application  is  advantageous,  particularly  if  double  layers  (PSG 
+ SiC^)  with  a graded  interface  are  desired.  The  geometry  of  the  reaction 
chamber  and  the  configurations  of  the  gas  inlet  and  exit  openings  are  critical 
in  attaining  the  most  effective  gas  flow  dynamic  conditions  required  for  pro- 
ducing uniform  deposits.  ( 

The  construction  and  performance  of  a reactor  of  this  type  designed  for 
research  applications  was  described  previously  [B-8].  The  unit  consists  of 
gear-driven  discs  heated  by  conduction  from  a hotplate.  Planetary  motion  of 
the  substrates  promotes  maximum  uniformity  of  the  film  deposits  by  thermal 
and  gas  dynamic  averaging  effects  over  a wide  range  of  operating  conditions. 

A modified  single-rotation  reactor*  we  have  built  for  research  and  pilot 


8„7#  A.  Mayer,  K.  Strater,  and  B.  A,  Puotinen,  Manufacturing  Techniques  for 
Controlled  Deposition  and  Application  of  Doped  Oxides , Tech.  Rpt. 
AFML-70-TR-91  (September  1970). 

B-8.  W.  Kern,  RCA  Review  29,  525  (1968). 

*W.  Kern  and  A,  W,  Fisher,  unpublished  work. 
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production  us4  is  described  in  greater  detail  in  Appendix  D.  Five  wafers  of 
5-cm  diameter  can  be  coated  simultaneously  with  a uniformity  that  is  indis- 
tinguishable by  visual  inspection  (+2%  at  1-ym  film  thickness)  from  wafer  to 
wafer,  if  the  nitrogen  diluent  flow  is  properly  balanced.  Nine  wafers  can  be 
coated  simultaneously  if  thickness  uniformity  is-less  critical.  Very  high 
deposition  rates  (up  to  1 ym/min)  can  be  obtained,  although  these  are  not 
normally  used. 

Several  important  considerations  should  be  noted  for  designing  and  con- 
structing the  gas-handling  equipment  associated  with  in-house  built  units. 
Heliarc-welded  and  leak-checked  stainless-steel  tubing  is  recommended  for 
hydrides  of  high  concentration  (greater  than  5 percent) . Leak-tested  poly- 
ethylene tubing  is  advantageous  for  oxygen,  nitrogen,  and  diluted'  hydrides, 
particularly  in  the  terminal  parts  of  the  installation  where  flexibility  and 
quick  removability  for  clean-up  is  important.  Metering  of  the  hydride  gases 
Is  best  done  with  calibrated  mass  flowmeters  and  controllers.  Float-type 
flowmeters  are  perfectly  adequate  for  oxygen  and  nitrogen.  It  is  very  im- 
portant to  have  provision  for  nitrogen  purging  of  the  entire  hydride  line 
system,  including  the  pressure  regulators  back  to  the  source  tanks,  to  be 
able  to  remove  residual  hydrides  after  deposition  work  is  terminated  at  the 
end  of  the  day,  or  to  use  nitrogen  flow  during  setup  to  conserve  expensive 
hydride  gases.  Additional  recommendations,  including  valves,  temperature 
measurement,  and  safety  considerations  were  noted  in  previous  publications 
[B-8  to  B-1G] . A variety  of  gas  flow  control  panels  are  now  available  commer- 
cially* or  can  be  obtained  custom  built  for  any  desired  requirements.** 

A commercial  rotary,  resistance-heated  vertical  reactor  system  for 
semi-continuous  operation  is  sold  by  Unicorp,  Inc.  It  features' premixed 
gas  input  through  four  tubes  inside  the  conical  deposition  chamber  for  uni- 
form distribution,  and  has  separate  stations  on  a carrier  disc  for  wafer 
loading/ unloading,  preheating,  deposition,  and  cooldown.  Up  to  seven  5-cm 


B-9.  N.  Goldsmith  arid  W.  Kern,  RCA  Review  2£,  153  (1967). 

B-10.  J.  A.  DeNicola  arid  R.  D.  Mastropiero,  Solid  State  Technology  15, 
No,  2,  51  (1972). 

*For  example,  Matheson  Gas  Products,  P.  6.  Box  85,  932  Paterson  Plank 
Rd.,  East  Rutherford,  NJ  07073. 

**For  example,  Tylan  Corp.,  4203  Spencer.  St. ,,  Torrance,  CA  90503. 
iRotox-60,  Unicorp  Inc,,  625  N,  Pastoria  Dr.,  Sunnyvale,  CA  94086. 
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wafers  can  be  accommodated  pef  station  The  maximum  oxide  deposition  rate  is 
1700  X/mih,  with  a conservatively  estimated  overall  uniformity  of  +5%. 

Ah  oxide  reactor*  featuring  two  planetary  systems  arranged  concentrically 
was  described  in  1971  [B-11],  In  this  complex  reactor,  the  driver  element  is 
a cylinder  rotating  within  an  annular  spacing  between  a circular  inner 
resistance-heated  block  and  an  outer  heater  ring.  The  gases  are  dispensed  in 
a counter-rotating  array  to  ensure  good  mixing  of  the  gas  flows,  resulting  in 
a thickness  uniformity  of  +1.5%. 

Vertical  CVB  reactor  systems  with  rotating  gas  feed  over  a stationary, 
resistance-heated  plate  are  manufactured  by  Phoenix  Materials  Corporation,** 
Units  for  processing  either  26  or  70  5-cm  wafers  are  available. 

A vertical  cold  wall  reactor  system  by  HLS  Indus triest,  featuring  a 
periphase  gas  injection  arrangement  that  introduces  the  gases  into  the 
reactor  through  two  concentric  wall  sections,  was  described  recently.  Low 
gas  depletion  losses  and'  elimination  of  static  boundary  conditions  result  in 
uniform  deposits. 

E.  CONTINUOUS  REACTOR  SYSTEMS 

Application  of  continuous  processing  concepts  to  CVD  reactor  systems 
makes  large-scale  production  of  oxide  and  glass  films  possible  at  lower  oper- 
ating cost  than  the  use  of  batch-type  reactors,  especially  if  combined  with 
automation  that  is  particularly  suitable  for  such  systems.  A CVD  processor 
of  this  type  is  manufactured  by  Applied  Materials  Technology,  Inc. [B-12],.+t 
The  substrate  wafers  are  moved  conveyor-fashion  on  inconel  trays  through  the 
reactor  at  constant  speed.  Heating  is  by  radiation  from  a resistance  heater. 

B-11.  J.  Wollam,  Solid  State  Technology  14,  No.  12,  72  (1971). 

B.12,  W.  C.  Benzing,  R.  S.  Rosier,  and  R.  W.  East,  Solid  State  Technology 
16,  No.  11,  37  (1973). 

*0xide  Reactor  315  (ho  longer  manufactured).  Materials  Research  Corp., 
Orangeburg,  NY  10962. 

**Phoenix  Materials  Cofp.  Vapot  Deposition  Systems,  500  and  1500  Series, 

M,R.  10,  Kittatihny,  PA  16202. 

tUnivax  Reactor  Model  100-60-30,  HLS  Industries,  762  Palomar  Ave.,  Sunny- 
vale, CA  94086;  described  in  Cold  Wall  Semicon  Reactor,  Circuit  Manuf.,  14,, 
47  (November  1974) . 

++AMS-2000  Continuous  Silox  Reactor,  Applied  Materials  Technology,  Inc,,  • 

2999  San  Ysidro  Way,  Santa  Clara,  CA  95051. 


The  nitrogen,  oxygen,  and  hydride  gas  streams  are  combined  before  entering 
the  manifolds  to  the  slotted  disperser  plate  from  which  the  gas  mixture  passes 
by  laminar  flow  over  the  wafers.  The  cross-flow  gas  dispersion  and  the  rel- 
atively close  spacing  (approximately  1 cm)  of  the  substrate  to  the  water- 
cooled,  extended  area  disperser  plate  minimize  undesirable  homogeneous  gas 
phase  nucleation.  Wafer-to-wafer  uniformity  of  film  thickness  is  better  than 
+5%,  with  unusually  low  densities  of  particulate  inclusions  arid  pinholes. 

The  machine  has  a throughput  capacity  of  400  5-cm  wafers  per  hour  with  a 1-um- 
thick  SiO^  deposit.  A schematic  is  shown  in  Fig..  B-1C. 

In  nozzle  reactors,  separate  streams  of  nitrogen-diluted  hydrides  and 
oxygen  impinge  on  the  substrate  surface  where  they  mix  and  react,  forming 
the  oxide  or  glass  films.  The  effects  of  numerous  nozzle  geometries  on  the 
resulting  oxide  deposition  pattern  has  been  examined  in  detail  by  several 
investigators  [B-13,B-14],  An  open  horizontal  circular  compound  nozzle  was 
empirically  found  most  desirable,  with  the  deposition  occurring  where  the 
heated  moving  wafer  intersected  the  unconfined  jet  of  the  reacting  gases, 
while  the  exhaust  gases  were  removed  by  a pump.  Uniformity  of  +5%  was  ob- 
tained across  a 5-cm  wafer  [B-13] . 

A commercially  available  continuous  reactor  system  based  on  nozzle-type 
gas  dispersion  is  manufactured  by  Pacific  Western  Systems,  Inc.[B-15].  In 
this  unit  the  nitrogen-diluted  oxygen  and  hydrides  are  directed  to  the  sub- 
strate surface  as  separate  streams  flowing  through  the  laminar  flow  slots 
forming  the  nozzles.  The  water-cooled  nozzle  array  unit  is  4-cm  wide  and 
25-cm  long,  extending  over  the  width  of  the  heater  block  assembly.  The 
space  between  the  nozzle  array  arid  the  wafer  surface  during  deposition  is 
only  about  2.5  mm  and  defines  the  reaction  zone  where  the  gases  mix  and 
react  forming  the  oxide  or  glass  films.  Exhaust  gases  are  removed  through 


B-13.  S.  S.  Flaschen,  H.  C.  Evitts,  and  J.  R.  Black,  Large  Area  Semiconductor 
Surface  Passivation  Production  Refinement  Program , Contract  DA-36-Q39- 
AMC-02280(E) , Final  Tech.  Rpt.  (1965). 

B-14.  M.  L.  Barry,  iri  Chemical  Vapor  Deposition , J.  M,  Blocher,  Jr,,  and 
J.  C.  Withers,  Eds.,  (The  Electrochemical  Society,  Mew  York,  1970), 
pp.  595-617. 

B-15,  Pacific  Western  Systems,  Inc, ; Electronics  47.,  138  (Sept.  5*  1974) . 

*PWS  Model  2000  Vapor  Deposition  System,  Pacific  Western  Systems , Inc,, 

855  Maude  Ave.,  Mountain  View,  CA  94040. 
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separate  slots  at  the  periphery  of  the  nozzle  array.  The  wafers  traverse 
under  the  nozzle  unit  on  a resistance-heated  conveyor  plate  at  a variable 
speed.  The  wafer  plate  (18  cm  x 41  cm)  accepts  21  5-cm  wafers.  Unusually 
high  film  deposition  rates  are  obtainable  with  this  system,  and  the  density 
of  particulate  impurities  in  the  film  deposits  is  low.  The  thickness  uni- 
formity for  Si02  films  is  +5%,  with  a deposition  of  1 ym  at  a rate  of 
6,3  cm/min  travel  speed.  Figure  B-lD  depicts  schematically  the  construction 
of  this  type  of  nozzle  reactor.  . 

A continuous  nozzle  reactor  system  is  also  marketed  by  Chemical  Reactor 
Equipment,  Inc, [B-16],*  A high-velocity  nozzle  is  used,  through  which  the 
gases  are  mixed  and  impinged  over  a relatively  small  area  of  deposition  sur- 
face. A continuous  mode  of  operation  results  from  the  reciprocating  motion 
of  the  substrate  under  the  nozzle.  A five-nozzle  system  is  capable  of  de- 
positing 0.5-ym  SiC>2  on  up  to  350  5-cm  wafers  per  hour,  with  excellent 
uniformity. 


B-16.  Chemical  Reactor  Equipment,  Inc,;  Electronic  News  p.  60,  June  5,  1972, 
*CRE  1101,  1103,  1105,  Chemical  Reactor  Equipment,  Inc.,  1080  HE  Duane  Ave, , 
Sunnyvale,  CA  94086. 
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APPENDIX  C 


DIELECTRIC^RELATED  >ND  GLAS SING-RELATED  FAILURE 
MECHANISMS  OF  INTEGRATED  CIRCUITS 


G.  L.  Schnable  and  W.  Kern 

A,  INTRODUCTION 

Failure  mechanisms  that  are  related  to  the  dielectric  or  are  caused  by 
glass  overcoating  of  metallized  ICs  can  be  divided  into  the  following  major 
groups: 

(1)  Localized  structural  and  compositional  defects  in  dielectric. 

(2)  Nohlocalized  chemical  and  physical  defects  in  dielectric. 

(3)  Chemical  interactions  of  dielectric  with  metallization  and  moisture. 

(4)  Ionic  and  electronic  charge  motion  and  conductivity  in  glass  and 
oxide  films,  on  their  surfaces,  and  along  their  various  interfaces. 

(5)  Assorted  defects  introduced  during  passivation  processing. 

A more  detailed  outline  of  general  dielectric-related  failure  mechanisms 
is  presented  in  Table  C-l;  types  of  specific  glassing-related  failures  of 
integrated  circuits  are  listed  in  Table  C-2.  Many  of  these  defects  arise 
from  improper  processing  or  from  inherent  mutual  incompatibility  of  the  films 
yitji  the  metallization.  It  is  important  that  they  be  detected  and  identified 
so  that  steps  can  be  taken  to  eliminate  them. 


B>  LOCALIZED  STRUCTURAL  AND  LOCALIZED  COMPOSITIONAL  DEFECTS  IN  DIELECTRIC 
FILMS 


Particulate  contaminants  (dust  or  reaction  products)  in  the  gas  or  vapor 
streams  or  on  the  substrate  surface  during  chemical  vapor  deposition  inter- 
fere with  film  nucleation  and  proper  growth,  resulting  in  voids,  thin  spots, 
partial  or  complete  pinholes,  or  hillocks.  Particulate  impurities  that  be- 
come embedded  in  the  film  constitute  a potential  device  failure  due  to  local 
weakening  of  the  dielectrical  strength. 

Pinholes  in  the  films  can  also  be  caused  by  problems  in  photolithographic 
procfssing  if  the  photoresist  protects  the  film  incompletely,  or  if  the 
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Table  C-l.  General  Dielectric-Related  Failure  Causes 


No. 

Basic  Failure  Cause 

1 

Localized  structural  defects 

2 

Localized  deviation  in  chemical  composition 

3 

Nonlocalized  defects  arising  from 
incorrect  physical  and  chemical  film 
properties 

4 

Chemical  interaction  of  dielectric  with 
moisture 

5 

Electrolytic  corrosion  of  metallization 
(interaction  with  dielectfic,moisture, 
and  ior.s) 

6 

Electronic  and  ionic  charge  motion  on 
surface,  in  bulk,  and  at  interfaces 

7 

Polarization  instability  of  PSG  caused  by 
excessive  concentration 

8 

Excessive  residual  tensile  stress 

9 

Insufficient  impurity-gettering  effectiveness 
of  passivation  layer (s) 

10 

Depletion  of  P 0 from  PSG  by  A1  at  Al/PSG 
interface , leading  to  Na+  permeable  Al/SiO^ 
interface  structure 
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etchants  used  in  the  chemical  patterning  process  penetrate  through  pinholes 
or  thin  spots  in  the  resist  coating  itself. 

Gas  bubbles  that  weaken  the  dielectric  strength  in  an  insulator  may  form 
during  chemical  vapor  deposition  in  the  presence  of  nucleating  particulate 
contaminants.  Unacceptable  topographical  defects,  such  as  excessive  surface 
roughness,  may  also  arise  during  film  deposition  under  incorrect  process 
conditions. 

Microfractures  are  a very  common  and  important  mode  of  a localized  de- 
fect which  is  caused  by  excessive  stress  (see  Section  IV),  Other  localized 
defects  include  embedded  foreign  particles,  microcrystallites,  or  precipitates 
caused  by  reactions  in  the  solid  state.  Oxides  and  glasses  may  devitrify  in 
local  regions  under  certain  conditions,  and  may  deleteriously  affect  film 
integrity  and  dielectric  strength. 

The  topography  of  the  substrate  being  coated  with  a dielectric  film  may 
cause  defects  in  the  film  deposit,  such  as  thin  spots  over  sharp  edges,  or 
film  discontinuities  in  comers  at  the  base  of  steep  steps  that  may  lead  to 
electrical  short-circuits.  A survey  of  failure  modes  {.C-l]  and  discussion 
pf  methods  specifically  designed  to  improve  the  reliability  of  electron  de- 
vices by  optimized  coverage  of  surface  topography  [C-2]  were  presented 
recently. 

C.  NONLOCALIZED  CHEMICAL  AND  PHYSICAL  DEFECTS  IN  DIELECTRIC  FILMS 

Chemical  imperfections  include  deviations  in  film  composition,  which  may 
be  nonstoichiometry  in  the  case  of  single-component  dielectric  films,  or 
incorrect  percentages  of  one  or  several  components  in  a binary  or  multiple 
component  material.  Chemical  impurities  in  the  bulk  or  the  surface  of  a 
film  are  another  common  chemical  imperfection  which  may  deleteriously  affect 
device  performance  due  to  current  conduction  across  the  contaminated  film 
surface,  for  example.  Incorrect  layer  composite  structures,  such  as  an 
inappropriate  sequence,  thickness,  or  composition  of  various  dielectric  layers, 


C-l.  G.  L.  Schnable  and  R.  S.  Keen,  in  Advances  in  Electronics  and  Electron 

Physics,  Vol.  30,  L.  Mar ton,  Ed. , (Academic  Press,  New  York,  1971).,  p.  79. 
0^2,  W.  Kern,  J,  L.  Vossen,  and  G.  L.  Schnable , 11th  Ann,  Proe,  Reliability 
Physics,  p.  214  (1973), 
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may  give  rise  to  excessive  stresses  and/or  a variety  of  other  problems,  such 
as  poor  adherence,  instability  in  composition,  or  intolerable  degrees  pf 
Jiygroscopicity  (in  the  case  of  excess  or  a Slass)  [C-3  - C-5], 

These  basic  causes  may  deleteriously  affect  important  mechanical  and  electri- 
cal film  properties,  such  as  thermal  expansion  and  stress,  bulk  and  surface 
resistivity,  dielectric  strength  and  dissipation,  charge  density,  and 
polarizability. 

Of  particular  concern  in  IC  glassing  is  the  presence  of  residual  stress 
in  the  films,  which  may  lead  to  cracks  in  the  glass.  Thermal  expansion  is 
one  major  factor  determining  the  magnitude  and  the  sign  of  the  residual 
stresses  at  interfaces  between  dielectric  layers  or  at  the  interface  between 
a dielectric  and  the  metallization,  and,  of  course,  between  the  thermal  Si02 
primary  passivating  layer  and  the  thick  silicon  substrate  crystal.  A summary 
of  stress  data  for  various  dielectric  films  of  interest  here  was  presented 
in  Table  VI  [C-6],  The  stress  inversion  data  for  CVD  Si02  shown  in  the  table 
illustrate  the  complexity  of  the  mechanical  stresses  inherent  in  device  wafers. 
However,  variations  in  CVD  processing  parameters  and  subsequent  heat  treat- 
ment of  the  amorphous  dielectric  films  can  significantly  reduce  these  stresses. 
For  example,  for  a given  growth  rate  and  thickness,  the  tensile  stress  is 
greatest  for  pure  Si02  films  and  decreases  with  increasing  concentration 
in  the  glass.  Similar  results  are  observed  with  borosilicates  and  other  CVD 
glass  films.  Temperature  and  .film  deposition  rate  are  also  factors  that 
affect  the  stress  level  in  a complicated  manner.  Part  of  this  contract  in- 
volved work  on  minimizing  residual  stresses  through  control  of  CVD  parameters 
and  heat  treatment. 

Micro fractures  can  be  caused  by  these  stresses  between  the  dielectric 
film  and  the  substrate,  or  between  different  types  of  films.  Stress  in  films 
may  develop  during  growth,  deposition,  pattern  etching  or  heat  treatments, 
especially  if  the  linear  thermal  expansions  of  the  components  are  mismatched. 


C-3.  E.  Aral  and  V.  Terunuraa,  J.  Electrochem,  goe.  121,  676  (1974) . 

C-s.  Staff  article,  Electronics  47,  No.,  8,.  34  (1974), 

C-5,  w.  M,  Paulson  and  R.  W,  Kirk,  !2th  Ann,  Proc,  Reliability  Physics, 
p,  172  (1974), 

C-6.  J.  L.  Vossen,  G,  L,  Schnable,  and  W,  Kern,  J,  Vac,  Sci,  and  Technol . 11, 
No.  1,  60  fl974). 


Cracks  may  form  particularly  during  thermal  shocking  preceding  or  following 
high- temperature  processing,  excessive  thermal  contraction  on  cooling,  or 
temperature  stress  cycling  and  life  testing  of  devices. 


D.  CHEMICAL  INTERACTION  OF  DIELECTRIC  WITH  METALLIZATION 

The  most  commonly  encountered  failure  mode  of  this  type  is  metal  corrosion 
at  the  glass-aluminum  interface.  This  is  brought  about  by  the  leaching  of 
P.,0,.  from  PSG,  or  of  from  BSG  [C-3]  by  moisture,  especially  during 

pressure  cooker  testing  or  life  tests  under  electrical  bias  in  high  humidity. 
These  oxides  react  with  moisture  forming  phosphoric  and  boric  acids,  respective* 
ly.  The  acids  readily  attack  the  aluminum,  especially  the  phosphoric  acid. 

To  remedy  this,  the  glass  composition  or  the  densification  may  need  to  be 
changed,  or  a protective  interlayer  of  Si02  or  Si^N^  may  have  to  be  deposited. 

It  shpuld  be  recalled  in  this  connection  that  aluminum  is  extremely  prone 
to  corrosion  in  the  presence  certain  impurities,  even  during  its  deposition 
and  processing.  One  of  the  more  serious  problems  of  aluminum  corrosion  occurs 
in  plastic-encapsulated  devices  [C-5 ,C-7 ,C-8j , especially  during  life  testing 
at  high  humidity. 

With  gold  metallization  systems,  one  problem  caused  by  electrolysis  is 
shorts  due  to  dendrite  formation  [C-9,C-10];  compatible  glass  passivation 
layers  would  be  expected  to  greatly  reduce  susceptibility  to  corrosion  in 
such  devices. 

E.  ELECTRICAL  EFFECTS  CAUSED  BY  INTERACTION  OF  MOISTURE  WITH  DIELECTRIC 

Penetration  of  water  vapor  through  the  glass  passivation  layers  can  give 
rise  to  several  types  of  failure  mechanisms,  especially  in  the  presence  of 
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ionic  contaminants  [G-ll].  Electrochemical  corrosion  of  aluminum  by  moisture, 
as  pointed  out  above,  can  cause  partial  or  complete  circuit  breakdown  [C-4, 
C-5,C-7,C-8,C-12] , 

Moisture  on  the  surface  or  in  dielectric  interfaces  of  f j.eld-effect  de- 
vices can  provide  mobility  to  insulator  surface  charges,  thereby  extending 
the  gate  potential  over  neighboring  surface  regions. 

Experimental  studies  have  shown  that  passivation  glasses  containing  a 
high  moisture  content  can  have  appreciable  bulk  conductivity,  in  integrated 
circuits,  electrical  leakage  conduction  through  the  glass  can,  for  certain 
geometries  and  glass  compositions,  exceed  leakage  in  the  silicon  itself. 

Some  reported  cases  of  pattern  sensitivity  in  MOS  LSI  arrays  may  be  in  part 
attributable  to  conduction  through  passivation  layers. 

The  amount  of  moisture  absorbed  or  adsorbed  determines  the  conductivity 
of  the  dielectric  surface  or  its  interfaces.  This  in  turn  affects  the 
electrolytic  conduction  between  electrically  biased  metallization  paths,  lead- 
ing to  current  leakage  or  electrical  opens,  depending  on  polarity. 

Effects  of  lateral  surface  ion  migration  are  directly  related  to  the 
degree  of  humidity  to  which  the  device  is  exposed,  as  noted  Jay  Temofonte  and 
Szedon  [C— 13] . Current  conduction  across  the  dielectric  surface  may  result. 

In  general,  the  presence  of  an  excess  amount  of  moisture  on  or  in 
dielectrics  causes  degradation  of  the  dielectric  properties  with  consequent 
electrical  instability  of  the  device. 


F.  AFFINITY  OF  DIELECTRICS  FOR  WATER 

The  affinity  of  different  types  of  dielectrics  for  water  varies,  depend- 
ing upon  the  dielectric  composition  [C-14].  For  example,  silicon  nitride  and 
aluminum  oxide  exhibit  a lower  affinity  than  silicon  dioxide,  which,  in  turn, 
has  a much  lower  affinity  than  certain  silicates  such  as  BSG  or  PSG.  In 
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these  glasses,  the  affinity  to  water  (or  hygroseopicity)  increases  as  the 
B20^  [G^3]  or  P20^  [C-5,C-15]  concentration  increases.  We  found  that  CVD 
undensified  BSG  containing  more  than  25  mol  % is  sufficiently  hygroscopic 

to  devitrify  in  humid  room  air.  Information  published  by  Nagasima  et  al. 

[C— 15 ] indicates  that  densification  of  PSG  suppresses  the  tendency  to  devitrify. 

G,  IONIC  AND  ELECTRONIC  CHARGE  MOTIO,.  f.N  DIELECTRIC  LAYERS 

These  two  types  of  mechanisms,  causes  of  potential  failure,  are  of  ex- 
treme importance  in  primary  passivation,  where  the  dielectric  is  directly  in 
contact  with  the  p-n  junction  and  the  silicon  surface.  Inversion  layers  and 
excessive  leakage  currents  may  form  as  a result  of  sodium  ion  contamination 
through  insufficiently  impermeable  dielectrics,  fcr  example,  and  seriously 
impair  or  degrade  device  performance,  Charge  movement  of  this  sort  can  be 
precisely  measured  by  capacitance-voltage-bias  ^-temperature  (CVBT)  testing 
[Old  to  C-18]  on  metal- insulator-semiconductor  structures. 

Mechanisms  causing  unwanted  inversion  layers  and  their  effects  on  device 
parameters  have  been  described  recently  [C-16,C^17,C-19  to  C— 22] . Mechanisms 
based  on  oxide  bulk  ion  drift  are  roost  directly  related  to  glass  passivation 
because  they  can  be  controlled  to  a considerable  extent  by  application  of  PSG 
gettering.  Effects  of  inversion  layers  on  device  parameters  may  manifest 
then-selves  in  parasitic  MOS  transistor  action,  decreased  current  gain,  and 
increased  reverse  current. 

A related  charge  phenomenon,  known  as  bias-induced  inversion  layers,  has 
been  described  by  Haberer  and  Barf  [C^22].  These  layers  have  been  found 
associated  with  defects  in  the  primary  passivation  oxide  or  in  the  thermal 
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oxide/CVD  oxide-  or  glass  interfaces.  To  attain  a high  degree  of  reliability 
of  linear  integrated  circuits,  it  is  essential  to  produce  a primary  SiC^ 
passivating  layer  of  very  high  quality  and  purity  to  minimize  the  tendency  of 
the  fields  to  accumulate  electronic  charge  over  the  underlying  silicon. 
Similarly,  the  interface  between  the  primary  passivation  oxide  and  the  CVD 
oxide  or  glass  overcoats  must  be  of  high  purity  also  to  minimize  any  lateral 
charge  movement  along  this  interface  that  could  induce  inversion  channels 
[C-22] « 

H.  DEVICE  FAILURES  INTRODUCED  DURING  GLASS  PASSIVATION  PROCESSING 

CVD  glass  passivation  and  its  associated  processing  operations  may 
inadvertently  introduce  certain  types  of  defects,  if  not  controlled  properly* 
Fob  example,  too  thin  a glass  layer  may  not  prevent  ion  migration  effects,  and 
therefore  lead  to  insufficient  passivation  and  metal  protection.  A PSG  with 
low  contenfe  “ay  result  in  inadequate  lettering  of  externally  introduced 

contaminants  such  as  sodium  ions;  it  may  also  cause  cracking  of  the  glass 
because  of  excessive  stress  [G-5].  Too  high  a concentration  of  on  t*ie 

other  hand,  may  result  in  current  leakage  across  the  surface  or  even  in  a 
hygroscopic  glass  which  may  cause  corrosion  problems  [C-5].  In  the  case  of 
multilayered  dielectric  structures,  incorrect  film  thicknesses  can  cause 
residual  stresses  that  may  lead  to  microcracks  with  consequent  impairment 
of  protection  against  external  contaminants. 

Silicon  dioxide  films  deposited  from  semiconductor-grade  silane  (SiH^) 
and  oxygen  are  known  to  contain  some  sodium  that  ma.  ueleteriously  affect 
MOS  devices.  PSG  passivation  of  proper  Composition  is  capable  of  gettering 
this  contaminant  to  the  extent  that  instability  problems  are  eliminated. 

The  quality  of  adhesion  of  the  CVD  glass  to  a substrate  is  dependent 
upon  the  cleanliness  of  the  surface,  the  natuLe  of  the  substrate  material, 
and  the  exact  condition  of  the  surface.  Peeling  and  blistering  can  generally 
be  avoided  by  observing  clean  processing  conditions,  except  in  a few  special 
cases  which  are  material-dependent.  One  of  these  is  gold  metallization. 

There  is  no  chemical  bonding  mechanism  between  gold  and  a glass  ot  oxide, 
and  peeling  or  flaking  frequently  result.  A thin  interlayer  of  chromium, 
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which  bonds  well  to  each  class  of  material*  will  overcome  this  particular 
problem,  but  may  decrease  the  conductivity  of  the  metallization. 

Incomplete  removal  of  glass  over  the  aluminum  bonding  pads  during  delinea- 
tion etching  is  a failure  mechanism  associated  with  wire  bonds.  Excessively 
high  temperatures  during  CVD  can  cause  formation  of  an  A^O^-rich  aluminosili- 
cate glass  at  the  Interface,  which  can  be  extremely  difficult  to  remove  by 
chemical  etching. 

This  discussion  of  possible  and  frequently  observed  types  of  failures  is 
by  no  means  complete  but  gives  an  illustration  of  the  technical  problems  that 
must  be  constantly  considered  in  the  course  of  passivation  work. 

I.  EFFECTS  OF  DENSIFICATION  TREATMENTS 

One  specialized  topic  not  included  in  the  introductory  list  of  failure 
causes  is  that  of  densification  side  effects,  which  can  be  desirable  or 
deleterious.  Heat  treatments  can  have  different  effects  on  mechanical 
stresses.  For  example,  heat  treatments  that  are  at  a temperature  above  the 
chemical  vapor  deposition  temperature  result  in  initially  increased  tensile 
stress  (because  the  thermal  coefficient  of  expansion  of  SXO2  or  of  PSG  is 
less  than  that  of  aluminum  or  of  silicon).  Complete  annealing  at  a heat- 
treatment  temperature  of  540°C,  for  example,  would  result,  upon  cooling  the 
wafer  to  room  temperature,  in  compressive  stresses  in  the  passivating  glass. 

The  degree  of  stress  relief  attainable  in  deposited  PSG  films  as  a function 
of  densification  had  not  been  determined  prior  to  the  beginning  of  this 
contract.  The  influence  of  these  residual  stresses  on  the  failure  of  de- 
vices must  be  determined,  recognized,  and  further  examined.  Strongest  effects 
should  show  up  during  thermal  cycling  and  thermal  shock  testing,  where  the 
differential  in  thermal  expansion  coefficients  may  cause  mechanical  damage 
to  the  device. 

J.  GLAS SING-RELATED  FAILURE  MECHANISMS  OBSERVED  ON  COMMERCIAL  INTEGRATED 

CIRCUITS- 
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All  of  the  failure  modes  discussed  are  observed  in  one  form  or  another 
on  commercial  integrated  circuits.  An  exact  assessment  of  the  percentage 


of  any  particular  type  of  glassing^related  failure  mechanism  is  very  difficult 
to  provide  because  of  the  multiplicity  of  factors  involved  in  analyzing  actual 
devices , especially  if  decapsulation  and  chip  isolation  are  required  to  secure 
this  information.  Even  excellent  reviews  of  device'  reliability  frequently 
contain  no  such  data  (see,  for  example,  Peattie  et  al.  [C— 23]  and  Proc.  IEEE, 
February  1974).  Very  recent  papers  have  shown  that  passivation  can  improve 
the  reliability  of  aluminum  metallization  in  microwave  power  transistors 
[ C— 24]  and  that  defects  in  passivation  iayers  can  adversely  affect 
reliability  [025,026]  of  bipolar  and  MOS  devices  available  from  a variety  of 
sources.  The  largest  class  of  MOS  IC  failures  can  be  categorized  as  "bake- 
recoverable."  The  recovery  process  frer  iency  has  an  activation  energy  of 
about  1 eV,  an  energy  level  indicative  of  motion  for  alkali  ions  or  protons 
either  in  or  on  the  surface  of  the  dielectric.  We  suspect  that  this  phenomenon 
is  related  to  the  quality  of  the  glass  layer,  and  experimental  evidence 
appears  to  support  this  statement. 

Silicon  ICs  packaged  in  fritrsealed  ceramic  packages  have  been  susceptible 
to  microcracks  in  the  Si02  on  PSG  overcoat,  particularly  over  large  areas  of 
aluminum  such  as  those  used  as  counterelectrode  oh  top  of  a capacitor  [C-27, 
C-28].  The  cause  of  this  failure  is  the  relatively  high  temperature  (530°C) 
needed  for  fusion  of  the  glass  frit  sealing  the  ceramic  package.  The  stress 
in  the  glass  overcoat  passivation  becomes  so  great  that  stress  release  occurs 
by  cracking,  especially  over  large  metal  areas  and  along  their  edges.  De- 
vice failure  may  occur  subsequently,  due  to  penetration  of  sodium  ions  through 
the  cracks  and  lateral  penetration  along  the  metal/glass  interface  dr  in  the 
field  oxide.  The  sodium  originates  from  the  glass  frit  and  cannot  be  avoided 
in  the  atmosphere  of  the  package;  it  is  normally  gettered  by  the  PSG.  Simi- 
larly, tensile  cracks  can  occur  during  eutectic  bonding  of  devices,  particu- 
larly when  chip  bonding  temperature  exceeds  the  glass  deposition  temperature. 
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The  appearance  and  dimensions  of  these  cracks  have  been  shown  in  metallurgical 
and  SEM  photomicrographs  in  two  recent  publications  [C-27,C-28] . 

Pinholes  in  the  CVD  oxide  or  glass  passivation  over  aluminum  have  been 
found  in  linear  bipolar-  ICs  to  be  the  cause  of  increased  susceptibility  of 
metal  corrosion  during  device  operation  which  led  to  serious  field  failure 
[C-4,C-5] . Pits  and  microcracks  in  the  passivation  can  have  similarly  di- 
sastrous effects.  Structural  defects  of  this  sort  often  open  the  way  to 
migrating  iohic  contaminants  that  are  always  present  in  plastic  encapsUlants 
or  in  the  device  surfaces  after  chip  mounting*  bonding*  and  normal  processing 
operations. 

Ionic  contaminants  that  may  get  introduced  during  pre-passivation  pro- 
cessing* or  impurities  such  as  incompletely  removed  photdpolymer  films, 
resist  stripping  agents,  or  highly  corrosive  aluminum  etchants  may  remain 
as  residues  on  the  device  wafer  surfaces  * especially  if  the  aluminum  has  a 
large  surface  area  due  to  graininess  or  surface  roughness.  As  a consequence, 
gases  may  be  evolved  during  CVD  glassing  and  become  entrapped  at  the  inter- 
face, causing  pinholes,  blisters,  and  corrosion-susceptible  defects. 

In  MOS  read-only  memories,  one  technique  which  is  widely  used  in  the 
industry  is  to  prepare  all  memory  transistors  with  thin  (gate)  oxides  (for 
example,  all  1024  memory  transistors  in  a 1024-bit  ROM)  and  to  metallize. 

The  desired  bit  pattern  is  then  etched  in  the  metallization  pattern,  with 
gates  that  remain  metallized  being  permanent  ''Is"  and  umnetallized  gates 
being  permanent  "Os".  The  circuit  is  glass  passivated  and  packaged.  If, 
due  to  improper  processing  procedures,  the  sheet  conductivity  of  the  inter- 
face between  the  thermally  grown  SiOg  layer  and  the  vapor-deposited  passivating 
glass  layers  is  high,  or  the  sheet  conductivity  of  the  CVD  glass  bulk  is  high, 
the  circuit  will  not  be  reliable.  On  operating  life,  charge  will  build  up  at 
the  thermal  oxide  - CVD  oxide  interface  over  the  gate  regions  of  unraetallized 
memory  transistors,  particularly  those  transistors  adjacent  to  memory  tran- 
sistors with  metallized  gates.  When  the  potential  at  this  Interface  (approxi- 
mately 0,1  um  from  the  silicon)  builds  up  to  a potential  in  excess  of  the  de- 
vice threshold  voltage  (3  V,  for  example) , the  device  turns  on,  and  thus  a 
functional  failure  of  the  circuit  occurs.  This  type  of  failure  mechanism  is 
somewhat  similar  to  that  previously  mentioned  for  Other  types  of  devices,  but  in 


this  case  occurs  because  of  inversion  of  a region  in  which  the  thermal  oxide 
is  thin  (gate)  oxide  father  than  thicker  oxide  (field  oxide  in  MOS  circuits 
or  collector  oxide  in  bipolar  circuits),. 

Another  type  of  MOS  failure  mechanism,  somewhat  similar  to  the  ROM  case, 
can  occur  when  the  metal  is  partially  missing  over  the  gate  region  of  MOS 
transistors,  leaving  an  unmetallized  region  extending  from  source  to  drain, 
as  described  by  Forsythe  [C-29].  This  type  of  problem  can  arise  because  of 
design  errors,  photolithography  problems,  metal  scratches  or  misalignment. 
Passivating  glass,  unless  deposited  under  conditions  which  produce  low  inter- 
facial and  deposited  glass  sheet  conductivity,  will  not  prevent  the  problem. 

Concise  reliability  data,  not  exclusively  related  to  glass  passivation, 
have  been  compiled  for  MOS  and  CMOS  iCs  and  are  available  in  recent  papers 
[C-30].*  Reliability  aspects  of  plastic-encapsulated  linear  bipolar  ICs 
have  also  been  published  recently  [C-31,C~32]. 

K.  LATERAL  MIGRATION  OF  ALKALI  IONS 


It  has  been  observed  that  in  devices  which  had  cracks  in  the  phosphosili- 
cate  passivation  glass  (or  had  other  localized  dielectric  integrity  problems) , 
passage  of  contaminant  alkali  ions  to  the  underlying  thermally  grown  SiO£ 
layer  resulted  in  subsequent  instability  problems.  In  one  case,  MOS  inte- 
grated circuits  containing  p-channel  enhancement-mode  MOS  transistors  with 
relatively  large  source-to-drain  spacings  were  involved,  and  high  failure 
rates  were  experienced  when  devices  were  baked  without  bias,  followed  by  oper- 
ating life  tests.  In  another  case,  circuits  containing  n-channel  enhancement- 
mode  MOS  transistors  were  involved,  and  when  operating  life  tests  were  run, 
higher  incidence  of  excessive  leakage  was  observed  on  unbiased  inputs  than  on 
reverse-biased  inputs.  We  interpret  these  as  cases  of  lateral  migration  of 
assembly-introduced  alkali  ions  under  the  gate  oxide  under  a concentration 
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j gradient  in  the  case  of  no  bias;  with  bias  the  ions  are  held  at  the  surfaces 

of  negatively-biased  metal  lines  and  thus  tend  not  to  move  laterally. 

L.  POSSIBLE  MECHANISM  FOR  LOSS  OF  PSG  GETTERING  EFFECTIVENESS 

A possible  new  mechanism  not  previously  recognized  could  provide  an 
additional  or  alternative  explanation  of  one  type  of  failure  mode.  Aluminum 
may  react  with  the  P90^  and  the  Si02  in  the  PSG  under  the  thermal  conditions 
used  for  CVD,  forming  A^O^  and  a P20^-depleted  glass  interface  layer  consist- 
; ing  essentially  of  Si02*  The  sodium  ion  gettering  effectiveness  at  this 

interface  may  thus  be  diminished  or  lost,  allowing  sodium  ions  to  diffuse 
laterally  into  the  sensitive  substructure  of  the  device,  where  they  would 
1 cause  electrical  instability. 

i 

A 

/j  4-; 

j M.  RELIABILITY  IMPROVEMENT  BY  GLASSING  X. 


It  has  been  shown  by  several  manufacturers  that  frit-sealing  of  MOS 
integrated  circuit  arrays  causes  alkali-type  threshold  voltage  instabilities' 
when  no  passivation  glass  is  used  or  when  the  passivating  glass  is  undoped 
SiO^*  but  does  not  result  in  instabilities  when  the  passivating  layer  is 
phosphosilicate  glass.  The  explanation  of  the  observed  difference  is  that 
the  sealing  glass  frit  composition  contained  an  alkali  compound,  which  became 
volatilized  during  sealing,  condensing  on  the  passivated  device  surface.  The 
alkali  contaminant  in  the  sealing  glass  was  an  oxide  added  to  lower  the  soften- 
ing points  of  the  glass;  was  present  as  an  impurity  in  the  glass,  nucleating 
agent  or  binder;  or  a combination  of  these  existed. 

j 

! The  improvement  of  reliability  of  surface-sensitive  integrated  circuits 

j due  to  glass  passivation  under  suitable  conditions  has  been  reported  in  a 

j number  of  papers  [C-5,C-20,C-33  to  C-35]. 


C-33.  P.  Flaskerud,  Proc.  1971  Semiconductor/iC  Proc.  and  Prod.  Conf,,  p.  40, 
Ind.  and  Sci.  Conf.Mgt,,  Chicago,  111.  (1971). 

C-34.  J.  H.  Lindwedel,  Reliability  Evaluation  of  LIS  Microcircuits , p.  181, 
Final  Report,  RADC-TR-73-127,  May  1973. 

C-35.  M.  M.  Schlacter  et  al.,  IEEE  Trans.  Electron  Devices  ED-17,  1077  (1970). 
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APPENDIX  D 


SINGLE-ROTATION  VERTICAL  CVD  REACTOR 


W,  Kern  and  A,  W.  Fisher 


The  relatively  simple  and  inexpensive  vertical  CVD  batch  reactor  noted 
in  the  section  on  reactor  systems  has  proven  useful  in  research  and  pilot 
production  applications.  Figure  D-l  shows  a photograph  of  the  unit  with  the 
glass  bell  jar  as  reaction  chamber. 

A commercial  high-temperature  hotplate  or  electric  stove  element  serves 
as  a heat  source.  A 1,4-cm-thick,  20-cm-diameter  disc  of  aluminum  alloy  6061 
is  used  as  sample  stage.  A small  depression  in  the  center  of  the  disc  aids 
in  positioning  it  freely  on  a support  pedestal  machined  of  a thermally  in- 
sulating ceramic  (AlSiMag  222).  The  pedestal  fits  in  a rotating  steel  shaft 
which  extends  through  the  center  of  the  hotplate  directly  to  an  instrument  motor. 
The  disc  rotates  at  typically  6 rpm  above  the  hotplate  top,  with  a clearance  of 
2 to  3 mm.  Construction  details  are  shown  schematically  in  Fig.  D-2. 

A chromel-alumel  thermocouple  serves  as  temperature  sensor  for  the 
rotating  substrate  plate.  The  thermocouple  wires  are  insulated  by  a ceramic 
tube  and  are  inserted  through  the  hotplate  from  below,  extending  through  a 
small  opening  in  the  Pyroceram  top  toward  the  rotating  metal  disc,  but  with- 
out touching  it.  The  thermocouple  signal  is  relayed  to  an  automatic  tempera- 
ture controller,  which  regulates  the  temperature  of  the  hotplate.  The  rotary 
disc  temperature  is  also  monitored  independently  prior  to  deposition  work, 
using  calibrated  bimetallic  surface  thermometers. 

The  deposition  chamber  shown  consists  of  a Pyrex  bell  jar  of  25-cm  height 
and  has  an  outside  diameter  of  22  cm.  The  geometry  of  the  single  gas  inlet 
on  top  of  the  bell  jar  is  clearly  visible  in  Fig.  D-l.  Alternatively,  a 
water-cooled,  double-walled,  stainless-steel  chamber  of  similar  dimension 
has  been  used  for  cold-wall  CVD  studies.  The  deposition  chamber  rests  on  a 
Transite  plate  that  has  four  symmetrically  located  slots  serving  as  exit 
openings  for  the  exhaust  gases.  The  entire  apparatus  is  placed  in  a chemical 
exhaust  hood  whose  air  intake  is  regulated  to  avoid  excessive  air  drafts,  so 
as  not  to  cause  thermal  disturbances  of  the  hotplate's  temperature  equilibrium. 


i 


Figure  D-l,  Single-rotation  vertical  CVD  reactor. 

Diameter  of  the  gla»*  bell  Jar  i»  21  cm. 
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Heater  assembly  with  cut  out  clearance  hole  for  shaft. 
Aluminum  alloy  rotating  disc  (1.5  cm  x 21  cm). 
Centering  insert  of  ceramic  support  pedestal. 

Centering  recess  on  both  s,ides  of  disc. 

Bushing. 

Ceramic  support  pedestal  and  sleeve  drive. 

Surface  of  rotating  disc  for  substrates. 

Tran site  reaction  chamber  support  plate. 

Pyroceram  hotplate  top. 

Backing  plate. 

Output' for  heating  element. 

Steel  tubing  centering  shaft. 

Boston  sleeve  coupling  (#GR4). 

Hexagonal  socket  head  cap  screw. 

Thrust  bearing  (Aetna  F-l). 

Stainless  steel  sleeve-drive  to  motor  shaft. 

Mica  insulation  with  cut  out  clearance  hole  for  shaft. 
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Figure  D-2. 


Sectional  view  of  construction  details  for  single- 
rotation CVB  reactor  center-portion  of  unit  shown 
in  Fig.  D-l. 
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The  oxide  and  glass  deposits  accumulating  on  the  aluminum  substrate  disc, 
should  be  removed  periodically  by  immersion  in  diluted  HF,  followed  by  flush- 
ing with  deionized  water.  Occasional  mechanical  cleaning  with  steel  wool  and 
detergent  followed  by  immersion  in  concentrated  HNO^  for  3 to  5 minutes  .and 
thorough  rinsing  with  deionized  water  is  recommended.  To  avoid  warping  of 
the  symmetrically  machined  plate  on  extended  use  at  450° C,  it  is  simply  in- 
verted after  cleaning  when  repositioning  it  on  the  support  pedestal.  This 
will  effectively  nullify  the  slight  sagging  that  might  otherwise  occur. 
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The  paper  below  was  published  in  the  Proceedings  of  the  IEEE  1975  National 
Aerospace  and  Electronics  Conference  (NAECON  '75  Record,  IEEE  Cat.  No. 
75  CH0956-3  NAECON),  pp.  93-100,  June  1975.  As  with  Appendix  A,  it  is 


pertinent  to  the  contract. 


APPENDIX  E 


CHEMICAL  VAPOR  DEPOSITION  TECHNIQUES  FOR  GLASS 
PASSIVATION  OF  SEMICONDUCTOR  DEVICES* 


by 


V/.  Kern 


ABSTRACT 

Chemical  vapor  deposition  (CVD)  has  become  the  mo  t 
widely  used  tcchnlaue  tor  producing  glassy  passi- 
vating layers  over  metallized  semiconductor  device.!, 
particularly  silicon  integrated  circuits.  A consid- 
erable variety  of  reactor  systems  is  now  available* 
including  horizontal  tube- types,  rotation  reactors, 
and  continuous  processing  units.  Their  capabilities 
and  principles  of  operation  are  discussed.  Experi- 
mental results  are  presented  demonstrating  variations 
in  deposition  conditions  that  critically  affect 
film  properties  such  as  chemical  composition, 
intrinsic  stress,  density,  structure,  and  uniformity. 
To  produce  passivating  films  of  consistently  high 
quality,  it  is  imperative  to  understand  the  effects 
of  system  and  deposition  variables  and  to  effectively 
optimize  the  critical  factors.  Additional  improve- 
ments of  passivating  films  can  be  achieved  by  post- 
deposition  densif icat ion  treatments  at  low  temperature. 


INTRODUCTION 

Chemical  vapor  deposition  is  a process  by  which 
gases  or  vapors  are  chemically  reacted,  leading  to 
fomation  of  a solid-phase  reaction  product  on  the 
substrate  surface.  Theoretical  and  practical  , 
aspects  have  been  treated  in  recent  reviews.  “ CVD 
has  become  one  of  the  most  widely  used  techniques 
for  producing  glassy  passivating  layers  over  metal- 
lized semiconductor  devices,  particularly  discrete 
planar  transistors  and  conplex  planar  silicon 
Integrated  circuits  for  both  hermetic  or  plastic 
encapsulation.  The  most  commonly  used  passivating 
overcoat  layers  are  Si0o  and  phosphosilicatc  glass 
(P5G),  singly  or  in  combination,  deposited  by  oxi- 
dation of  the  nitrogen-diluted  hydrides  at  a o 
substrate  temperature  ranging  from  325  to  450  C. 

The  purpose  of  the  paper  is  to  discuss  CVD  equipment 
now  available  for  producing  passivating  layers  of 
this  type,  and  to  examine  the  effects  of  system  and 
deposition  variables  on  specific  qualities  of  the 
films  using  examples  from  research  in  our  laboratory. 

The  main  functions  of  passivating  overcoats  are  to 


This  work  was  in  part  supported  by  the  Air  Force 
Materials  Laboratory,  Wright-Patterson  Air  Force 
Base,  Ohio,  under  Contract  No.  F33bl5-7A-C-51t6. 


protect  against  scratching  of  the  vulnerable  inter- 
connect metallization  during  chip  handling,  to 
provide  immunity  to  effects  of  loose  conductive 
particles  in  hermetic  packages,  to  improve  device 
stability  in  various  ambients,  to  lower  suscepti- 
bility to  metal  corrosion  and  electromigration, 
and  to  reduce  effects  of  ion  motion  on  the  device 
surface.  FSG  has,  in  addition,  alkali-gettering 
capability  which  is  of  great  importance  in  passi- 
vation and  stabilization  of  devices,  and  exhibits 
less  stress  (tensile)  than  layers  of  CVD-SiO,. 

We  have  just  recently  published  a comprehensive 
survey^  of  passivation  coatings  for  silicon  devices 
in  which  many  of  tnese  aspects  arc  treated  in 
greater  detail. 

The  basic  process  for  depositing  SiO^  films  from  Q 
silane  and  oxygen  at  low  temperatures  (250  to  550  C) 
was  reported  in  1963. 6 The  exact  details  of  this 
thermally-activated,  surface-catalyzed,  hetero- 
geneous branching-chain  reaction  are  complex.  The 
overall  reaction  can  be  expressed  as 

Sill4(g)  + 202(g)  - Si02(s)  + 2Hz0(g), 
but  under  some  circumstances  it  may  proceed  as 

Sill4(g)  + 02(g)  - Si02(s)  + 2H2(g). 

The  reaction  favored  depends  strongly  on  deposition 
temperature  and  silane  concentration, and 
probably  also  on  the  oxygen  ratio  and  variations 
in  reactor  geometry.  Phosphorus  can  be  incorporated 
into  the  S1O2  layers  as  an  oxide  of  phosphorus  by 
the  reaction  of  phosphine  with  oxygen: 

2Pli3(g>  + 402(g)  - P205(s)  + 3H20(g) 

forming  PSG.l0*l?  Effects  of  CVD  parameters  on  the 
reaction  chemistry  will  be  discussed  in  a later 
section. 

The  theoretical  maximum  temperature  which  can  be 
used  in  processing  devices  metallized  with  A1  is 
limited  by  the  melting  point  of  the  eutectic  formed 
between  Si  and  A1  (577°C).  In  practice  the  maximum 
temperature  during  glassing  is  held  below  500  C 
because  solid-state  reactions  between  A1  and  Si 
begin  to  exert  degrading  effects  in  many  sensitive 
devices  near  50O°c.  A bibliography  covering  related 
aspects  of  metallization  for  silicon  devices  has  just 
been  made  available. I® 
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Combinations  of  PSC  and  SiQ,  layers  can  offer 
distinct  advantages  over  any  one  single  layer  and 
tan  be  readily  prepared  by  CVD  techniques,  often  in 
on*,  continuous  operation.**  Furthermore,  the  pro- 
perties of  glass  layers  deposited  at  low  temperature 
ton  be  improved  by  a suitable  dens iiicat ion  treat- 
;rtnl,  •'  as  will  sc  described. 

CVD  ftUCTOK  SYSTEMS  AND  UpCU’Mi-NT 
kiguircnents  and  Types  of  Reactor  Systems 

A CVD  system  for  depositing  passivating  films  of 
the  type  described  must  of  loot  the  ioilowing  essential 
:unct:cns: l"4*20  Transporting,  metering,  and 
timing  the  diluent  and  reactant  gases  entering  the 
reactor;  (2)  providing  heat  to  the  substrate  material 
being  coated,  and  controlling  this  temperature  by 
automatic  feedback  tc  the  heat  source,  and  (3) 
reno v 1%  b% -product.  and  exhaust  gases  safely  from 
the  deposition  zone.  The  reactor  system  should 
consistently  yield  glass  films  of  high  quality  — 
good  thickness  and  compos  it  tonal  uniformity,  high 
purity  with  a minimum  of  structural  imperfections 
such  as  pinholes,  cracks,  and  particulate  contami- 
nants. For  production  applications  the  system 
should  perform  with  high  throughput,  be  simple 
and  safe  to  operate,  and  easy  to  maintain.  The 
cubital  cost  of  the  equipment,  which  ranges  from 
less  than  $j,00Q  for  an  in-house  built  research 
unit  to  over  $70,000  for  a high-capacity  produc- 
tion system,  must  be  evaluated  in  terms  of  averaged 
product  output,  operator  and  maintenance  labor, 
consumed  gases,  power  consumption,  and  ports 
replacement  cost. 

He <c tors  can  be  classified  into  essentially  tour 
main  categories,  according  to  their  gas  flow 
characteristics  and  principle  of  operation: 

1.  Horizontal  tube  displacement  flow  reactors. 

2.  Rcta'-y  vertical  batch- type  reactors. 

J Continuous  reactors  employing  premixed  gas 
flow  fed  through  an  extended  area  slotted 
disperser  plalc. 

U,  Continuous  reactors  employing  separate  N?  + 
oxyeon  and  hydride  .streams  directed  towards 
the  substrate  by  laminar  flow  nozzles. 

Data  on  comerc Lilly  available  equipment  to  be 
<k.„  -ibed  was  derived  trom  citations  by  the  munu* 
iaerurers  wither  than  by  e’iperi'-.untal  studies  by  the 
author,  other  than  inspection  of  the  equipment. 

Horizontal  D is p lac cm  nt  Flow  Reactors 

horizontal  tube  reactors  consisting  of  an  elongated 
cuartz  tube  of  circular  or  rectangular  cross-section 
wire  the  first  types  used  m CVD  of  oxides  at  low 
temperature.  The  diluent  and  reactive  gases  are 
continually  being  supplied,  are  usually  mixed  and 
d.-»ptrsed  at  ihe  point  of  «.niry  into  the  tube,  and 
pass  over  the  heated  substrates  which  rest  on  a 
tilted  war  or  carrier.  Heat  is  supplied  iron  out- 
s«k  the  tube  or  irom  within  the  wafer  carrier, 
i i»pi.iccment-iy;  forced  laminar  gas  i low  features 
..  low  degree  or  ...is  mixing,  requiring  careful  opti- 
mization oi  the  gas  dynamics  to  obtain  good  film 
uniior-ity  _n  thiekne^s  ana  composition. 


A horizontal*  internally  resistance-heated  flow 
reactor  manufactured  by  Applied  Materials  Technology, 
Inc.*-  has  a capacity  for  ten  5 -cm  diameter  wafers 
per  batch.  C>cle  time  Ter  a 5000R*thick  $10^  deposi- 
tion is  minutes.  Uniformity  of  film  thickness  is 
typically  + 7,5%  within  a wafer,  ± 10%  from  wafer 
to  wafer  within  a run.  21  a tubeless  horizontal 
production  reactor  of  entirely  different  design  is 
manufactured  by  Thurmco.*2  fc  utilises  a resistance 
heated  block  with  the  gases  introduced  across  its 
width  to  minimize  depletion  of  the  gas  reactants 
moving  across  the  heating  platen.  The  gas  delivery 
system  has  provision  for  bi-directional  gas  entry/ 
exhaust.  The  unit  has  a loading  capacity  for  27 
5-cm  wafers  and  a deposition  race  capability  oi 
LOO oS /min.  Uniformity  within  a wafer  is  + 5%,  and 
T 10%  from  wafer  to  wafer. 

A developmental  close-3paced  horizontal  cold -wall 
•'oacto-  has  also  been  described.25  A high-velocity 
stream  of  the  premixed  gases  passes  over  the 
resi stance-heated  substrate  wafers  parallel  to 
their  surface.  The  reactor  can  accommodate  28 
wafers  of  5-cm  diameter. 

Rotary  Vertical  Batch  Reactors 

In  these  reactors*  the  substrate  wafers  are  placed 
on  a plate  rotating  above  a resistance  heater.  The 
reaction  chamber  consists  of  a cylindrical,  conical, 
or  hemispherical  bell  jar  that  may  have  provisions 
for  cooling.  The  gases  enter  through  single  or 
multiple  inlets  irom  the  top  cr  sloe  of  the  Dell 
jar,  pass  over  the  substrates,  and  exit  at  the 
bottom  below  the  level  of  the  rotating  plate- 
The  incoming  gas  streams  mix  gradually  with  the 
partially  reacted  gas  before  passing  over  the 
substrates.  The  geometry  of  the  reaction  chambet 
and  the  gas  inlet  and  exit  openings  critically 
inf i;  once  the  gas  flow  dynamics. 

A reactor  of  this  type, designed  for  research  appli- 
cations, was  described  in  a previous  paper. ^ The 
unit  consists  of  gear-driven  discs  heated  by  conduc- 
tion from  a hotplate.  Planetary,  motion  of  the 
substrates  promotes  maximum  uniformity  of  thy  film 
deposits  by  thermal  and  gas  aynamic  averaging  over 
wide  range  of  operating  conditions.  A modified 
single-rotation  design25  coats  simultaneously  five 
wafers  of  5-cm  diameter  with  a uniformity  that  is 
indistinguishable  oy  visual  inspection  from  wafer 
to  wafer  if  the  nitrogen  diluent  flow  is  properly 
balanced.  Nine  wafers  can  be  coated  simultaneously 
if  thickness  uniformity  is  less  critical.  Deposi- 
tion rates  of  up  to  l nm/nin  can  be  obtained. 

Several  important  considerations  should  bo  noted 
for  designing  and  constructing  the  gas  handling 
equipment  associated  with  in-house  built  units. 
Heli.irc-welded  and  leak-chunked  stainless  steel 
tubing  is  reconrnended  for  hydrides  of  high  concen- 
tration (greater  than  5 percent).  Leak  tested 
polyethylene  tubing  is  advantageous  for  oxygen, 
nitrogen,  and  diluted  hydrides.  Metering  oi  the 
hydiidc  gases  Is  best  done  with  calibrated  mass 
flowmeters  and  controllers*  Float- type  flow  meters 
are  adequate  for  oxygen  and  nitrogen.  It  is 
important  to  have  provision  ior  nitrogen  purging 
ol  the  hydride  lines  back  to  the  source  tanks  to 
remove  residual  hydrides  after  deposition  work  is 
1 1 nr, ina ted . Ad d 1 1 1 ona  l rccoonenda  t i ons  were  not ed 
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previously .8,24,26  gas  fjou  control  panels  are  now 
available  caimercially22  or  can  be  obtained  custom 
built. 28 

A commercial  rotary,  resistance-heated  vertical 
reactor  system  for  scml-continuous  operation  is 
sold  by  Unlcorp,  Inc. 29  It  features  premixed  gas 
Input  through  four  tubes  inside  the  conical  deposi- 
tion chamber  and  has  separate  stations  on  a carrier 
disc  for  wafer  loading/unloading,  preheating,  deposi- 
tion, and  cool  down.  Up  to  seven  5-cm  wafers  can 
be  accommodated  per  station.  The  maximum  oxide 
deposition  rate  is  170oX/raln  with  an  overall  uni- 
formity of  t 5%.  29  An  oxide  reactor^O  featuring 
two  planetary  systems  arranged  concentrically  was 
described  in  1971.21  In  this  complex  reactor  the 
driver  element  is  a cylinder  rotating  within  an 
annular  spacing  between  a circular  inner  resistance 
heated  block  and  an  outer  heater  ring.  The  gases 
are  dispensed  in  a counter  rotating  array,  resulting 
in  a thickness  uniformity  of  + 1.57,. 

Vertical  CVD  reactor  systems  with  rotating  gas  feed 
over  a stationary,  resistance  heated  plate  are 
manufactured  by  Phoenix  Materials  Corporation. 22 
Units  for  processing  either  26  or  70  5-cm  wafers 
are  available.  22  A vertical  cold  wall  reactor 
system  by  HLS  Indus trles22  featuring  a perlphase 
gas  Injection  arrangement  that  introduces  the  gases 
into  the  reactor  through  two  concentric  wall 
sections  was  described  recently. 23  Low  gas  deple- 
tion losses  and  elimination  of  static  boundary 
conditions  result  In  uniform  deposits. 

Continuous  Reactor  Systems 

Application  of  continuous  processing  concepts  to 
CVD  systems  makes  large-scale  production  of  oxide 
and  glass  films  possible  at  lower  operating  cost 
than  by  use  of  batch-type  reactors.  A processor 
of  this  type  is  manufactured  by  Applied  Materials 
Technology,  Xnc.28>35  Th0  substrate  wafers  are 
moved  conveyor-fashion  on  Incor.cl  trays  through 
the  rea-tor  at  constant  speed.  Heating  is  by 
radiation  from  a resistance  heater.  The  nitrogen, 
oxygen,  and  hydride  gas  streams  are  combined  before 
entering  the  manifolds  to  the  dispenser  plate  from 
which  the  gas  mixture  passes  by  laminar  flow  over 
the  wafers.  The  cross-flow  gas  dispersion  and  the 
relatively  close  spacing  (approx.  1 cm)  of  the 
substrate  to  the  water  cooled,  extended  area 
slotted  dispenser  plate  minimizes  undesirable 
homogeneous  gas  phase  nucieation.  Wafer-to-wafer 
uniformity  is  better  than  ± 57.,  with  low  densities 
of  particulate  inclusions  and  pinholes.  The 
machine  has  a throughput  capacity  of  400  5-cm 
wafers  per  hour  with  l-jim  thick  SiO^  deposit. 

In  nozzle  reactors, separate  streams  of  nitrogen- 
diluted  hydrides  and  oxygen  Impinge  on  the  substrate 
surface  where  they  mix  and  react, forming  the  films. 
The  effects  of  nozzle  geometries  on  the  oxide  deposi- 
tion pattern  has  been  examined  in  detail. 28, 32 
An  open  horizontal  circular  compound  nozzle  was 
empirically  found  most  desirable,  with  the  deposi- 
tion occurring  where  the  heated  moving  wafer 
intersected  the  unconfined  Jet  of  the  reacting 
gases,  while  the  exhaust  gases  were  removed  by  a 
pump.  Uniformity  of  t 57.  was  obtained  across  a 
5-cm  wafer. 22  a commercially  available  continu- 

ous reactor  system  based  on  nozzle-type  gas  disper- 
sion is  manufactured  by  Pacific  Western  Systems, 


Inc. 38  in  this  unit  the  nitrogen-diluted  oxygen 
and  hydrides  are  directed  to  the  substrate  surface 
as  separate  streams  flowing  through  the  laminar 
flow  slots  forming  the  nozzles.  The  water-cooled 
nozzle  array  is  either  3,8- or  7.6-cm  wide  and  extends 
over  the  width  (~2U  cm)  of  the  heater  block  assembly. 
The  space  between  the  nozzle  array  and  the  wafer 
surface  during  deposition  is  only  about  2.5  cm, and 
defines  the  reaction  zone  where  the  gaaea  mix  and 
react  .forming  the  films.  Exhaust  gases  are  removed 
through  separate  slots  at  the  periphery  of  the 
nozzle  array.  The  wafers  traverse  at  an  adjustable 
speed  under  the  nozzle  unit  on  a resistance  heated 
conveyor  plate  that  accepts  21  5-cm  wafers.  The 
thickness  uniformity  for  SiO,  films  is  + 57.  with  a 
deposition  of  1 itm  at  a rate  of  6.3  cm/min  travel 
speed;  particle  density  is  low,  deposition  rate  high. 

A continuous  nozzle  reactor  system  is  also  marketed 
by  Chemical  Reactor  Equipment,  Inc. 29  a high- 
velocity  nozzle  is  used  through  which  the  gases  are 
mixed  and  impinged  over  a relatively  small  area  of 
deposition  surface.  Continuous  mode  of  operation 
results  from  reciprocating  motion  of  the  substrate 
under  the  nozzle,  a five-nozzle  system  Is  capable 
of  depositing, with  excellent  uniformity, 0.5  jim 
SiO^  on  up  to  350  5-cm  wafers  per  hour. 

CRITICAL  CVD  PARAMETERS 

The  exact  conditions  of  the  process  can  critically 
affect  film  growth  rate  and  properties  such  as 
composition,  intrinsic  stress,  density,  structure, 
purity,  uniformity,  adhesion,  and  particulate 
contamination.  These  CVD  conditions  include:  (1) 

Substrate  temperature  of  deposition,  (2)  oxygen- 
to-hydride  ratio,  (3)  hydride  input,  (4)  silane-to- 
phosphlnc  ratio,  (5)  nitrogen  input,  (6)  geometry 
of  reaction  chamber  and  gas  inlet/outlet  configura- 
tions, (7)  wall  temperature  of  reaction  chamber  or 
gas  disperser,  (8)  cleanliness  of  CVD  system  and 
purity  of  gases,  (9)  nature  and  cleanliness  of 
substrate  surface,  and  (10)  surface  topography  of 
substrate.  The  parameters  listed  must  be  controlled 
by  analysis  of  the  film  deposits,  both  initially 
and  on  a periodic  control  basis.  We  have  recently 
surveyed  suitable  methods  for  analysis^  and  defect 
characterization^®  of  dielectric  films. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 
Gases.  Equipment,  and  Methods 

The  semiconductor-grade  hydrides  used  were  l vol  7,  PH^ 
and  3.5  vol  % Sill,  in  high-purity  N, . The  oxidant  was 
On  of  95.9%  purity,  and  the  diluent  was  Nn  of 
95.998%  purity,  both  filtered  through  submicron 
filters.  The  single  rotation  vertical  CVD  reactor 
described  in  a previous  section25  was  used  with  a 
glass  deposition  chamber.  The  hydrides  and  N- 
were  introduced  through  the  center  inlet  at  tne 
top  of  the  chamber  after  having  passed  through  a 
terminal  submicron  large-area  filter.  The  0^  was 
added  separately  on  top  of  the  bell  jar  after  the 
filter.  Surface  temperatures  were  measured  with 
bimetallic  and  thermocouple  surface  thermometers. 

The  PSG  composition  wa9  routinely  analyzed  by  etch 
rate  measurements  of  the  densified  films  using 
the  graph  presented  in  Fig.  i, which  was  calibrated 
by  wet  chemical  analysis. 
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Effects  of  Temperature  and  Oxvaen-to-Hydride  Ratio 

The  effects  of  substrate  temperature  of  deposition 
and  0, .-hydride  ratio  are  close!/  interrelated  and 
arc  therefore  considered  together,  for  both  SiO, 
and  PSC  films.  We  have  previously  shown*1  that* 

SiH,  diluted  with  N,  begins  to  form  SiO  films  at 
a temperature  of  about  240°c  if  the  0,:SiH,  ratio 
is  3:1.  The  rate  of  film  growth  at  constant  Sill, 
input  increases  rapidly  as  Lhe  substrate  tempera- 
ture is  increased  to  310°C.  Further  increase  to 
450  results  in  a gradual  increase  in  deposition 
rate.  To  attain  a linear  increase  of  deposition 
rate  with  temperature,  the  O^Sill^  ratio  must  be 
increased  as  the  temperature  is  increased.  For 
example,  at  475  C an  O^lSUI^  ratio  of  at  least 
14:1  is  required  to  achieve  this.  Larger  ratios 
of  up  to  33:1  have  no  effect,  but  ratios  beyond 
this  limit  inhibit  the  reaction, leading  to 
decreased  rates  of  film  growth.  Thus  a plateau 
region  exists  that  is  insensitive  to  the  0^ :Si!t, 
ratio.  Temperatures  lower  Chan  475  require  a 
progressively  smaller  0, :SiH^  ratio  to  attain  the 
plateau  of  maximum  SiO  “deposition  rate. 6 At  the 
same  time  the  extent  of  the  plateau  region  narrows 
as  the  temperature  is  decreased.  These  observa- 
tions have  since  been  confirmed  by  several  other 
workers  )’*°’*t*  and  hold  qualitatively  even  though 
different  reactor  geometries  were  used.  The  unusual 
reduction  in  SiO  deposition  rate  at  high  0, :SiH^ 
ratios  has  been  explained  by  retardation  theory 
where  0,  acts  as  the  retardant  by  being  adsorbed 

on  the  substrate. 10 

The  corresponding  observations  for  PSC  formation 
by  co-oxidation  of  SiH^  + PH,  with  ©2  arc  essentially 
analogous  to  those  discussedJfor  SIO^ . 12,42  Me 

h ve  found  chat  decreasing  temperatures  depress  the 
PSG  deposition  rate  and  shift  the  maximum  toward 
lower  0, : hydride  ratios,  narrowing  the  plateau 
region.  The  effect  of  substrate  deposition  tempera- 
ture on  PSG  composition  is  shown  in  Fig.  2 for  a 
fixed  0,:hyuride  ratio,  and  also  for  ratios 
corresponding  to  the  maximum  deposition  rate  esti- 
mated for  each  temperature  as  a function  of  the 
0,:hydride  ratio.  The  hydride  cosqiosition  used 
consisted  of  11.5  mol  7.  PH,  + 88.5  mol  7.  SiH,  ; 
total  gas  flow  rate  was  8.8  liters/rain.  It  Is  seen 
that  the  phosphorus  content  decreases  with  increasing 
temperature  in  both  cases.  The  effects  are  less  pro- 
nounced for  PSG  films  of  lower  phosphorus  concen- 
trations. A practical  consequence  of  the  temperature 
effect  is  the  need  for  isothermal  conditions  of  the 
substrate.  Good  thermal  contact  of  the  wafer 
with  the  plate  is  essential  to  achieve  uniform  film 
thickness  and  composition. 

Effects  of  Hydride  Input 

The  quantity  of  Sill^  or  of  Sill,  + PH,  introduced 
in  the  reaction  chamber  per  unit  time  determines 
the  rate  of  film  deposition  which  follows  a linear 
function  up  to  some  saturation  level  limited  by  the 
size  of  the  chamber.  We  investigated  effects  of 
deposition  rate  variations  on  PSG  film  composition 
at  a deposition  temperature  of  450°C.  The  0,:hvdride 
ratio  was  i8:l;  SiH^:PH  ratios  were  selected  to 
yield  films  containing  3.5  and  7.5  vt  7 P.  Deposition 
rates  ranged  : : o-  250«/mln  to  60QoX/n in.  A verv 


gradual  increase  of  the  phosphorus  content  with  in- 
crease in  deposition  rate  was  noted,  amounting  to  16 
percent  for  the  low-P  glass  and  to  il  percent  for 
the  high-P  glass  over  this  interval  of  deposition  rate. 

Effects  of  Silane-to-Phosphlnc  Ratio 

The  Sill^tPH,  ratio  under  otherwise  constant  CVD 
conditions  determines  the  conposition  of  the  result- 
ing PSG.  We  have  found  that  this  relationship  is 
nearly  linear  with  glass  composition,  on  a molar 
basis  up  to  about  9 mol  7.  P,0,,  by  a loss 

than  linear  increase  in  P 0*  Beyond  this  point.  A 
PSG  composition  of  9 mol  7.  PSG  is  obtained  in  our 
system  at  445  C from  a hydride  composition  of  12 
mol  7.  PH,  in  SIH^  + PH,  and  the  conditions  stated 
in  Pig.  I.  Lower  temperatures  of  deposition  at 
constant  SiH,  :PH,  ratio  increase  the  mol  7.  I’  0, 
tn  the  PSG  it  the  Ojihydride  ratio  is  adjusted  lor 
the  plateau  region  of  maximum  deposition  rate  for 
each  temperature,  in  agreement  with  Fig.  2 and 
with  data  from  the  literature. ^ The  PSG  contains, 
therefore, more  phosphorus  than  would  be  expected 
from  stoichiometry,  since  two  moles  of  PH,  lorm 
one  mole  of  F 0,.  t0  about  9 mol  7,  P 0,  the 
conversion  efficiency  of  PH  to  P 0 at  545°C  is 
1.5  times  greater  than  that  of  Sifl^  to  SIO  At 
lower  temperatures  it  is  still  greater,  sfated 
differently,  the  conversion  efficiency  of  SiH,  to 
SiOj  during  co-oxidation  of  SIH,  + PH,  is  lower 
than  that  of  PH^.  Apart  irom  kineticJ10  and 
thermodynamic23  differences  in  the  oxidation  of 
the  two  hydrides,  the  previously  mentioned  retarda- 
tion of  Slllj  oxidation  by  Oxygen  is  responsible 
for  at  least  part  of  the  observed  effect.  In 
addition,  PH,  appears  to  have  a retarding  effect 
on  SIH^  oxidation  also,  since  the  film  deposition 
rate  is  being  depressed  by  the  addition  of  Pitj.43 

Incorrect  SiH,:PH,  ratios  can  lead  to  several 
problems  in  the  glass.  A PSG  with  low  phosphorus 
content  may  result  in  inadequate  gettering  of 
externally  introduced  contaminants  such  as  sodium 
ions;  it  may  also  cause  cracking  of  the  glass 
because  of  excessive  stress.  Too  high  a concen- 
tration of  phosphorus,  on  the  other  hand,  may 
result  in  current  leakage  across  the  surface  or  in 
a hygroscopic  glass  which  may  cause  metal  corrosion 
problems. 

Effects  of  Nitrogen  Input 

The  functions  of  the  nitrogen  are  (1)  to  dilute 
the  hydrides  to  a sufficiently  low  concentration 
to  prevent  spontaneous  combustion  when  combined 
with  the  oxygen  and,  in  some  systems, to  permit 
premixing ; (2)  to  force  the  reactive  gas  mixture 
over  the  heated  substrate  surface;  and  (3)  to  create 
gas  flow  conditions  in  the  reaction  chamber  that 
result  in  good  film  uniformity  across  a maximum 
area  of  the  substrate  plate.  Too  lot  a nitrogen 
flow  rate  can  severely  depress  the  fjt  !m  deposition 
rate.  Excessive  nitrogen  flow  decreases  the 
reaction  time  for  the  gases  at  the  substrate  surface 
and  causes  the  plate  temperature  to  drop  due  to 
cooling,  thus  leading  to  nonuniform  deposits  which, 
in  the  case  of  PSG,  contain  more  phosphorus  than 
obtained  under  normal  conditions  (because  of  the 
decreased  temperature).  A suitable  flow  rate  lor 
the  reaction  chamber  wc-  have  used  is  in  the  range 


99  NAECOK  ‘75  RECORD 


215 


of  7 to  11  liters  of  total  {Including  hydride 
diluent  N»)  per  minute,  the  correct  quantity  being 
determined  by  the  attainment  of  good  film  uniformity 
under  the  specific  CVD  conditions  used. 

Silane,  despice  Its  reactivity  at  higher  concentra- 
tions with  oxygen,  can  be  conveniently  premixed 
for  production  applications  with  oxygen  and 
nitrogen  at  sufficiently  high  dilutions  in  both 
0 and  S (i.u.,  0,57,  SiH4,  2.5%  0,,  977.  N by  volume), 
forming  a mixture  that  is  inert  until  heated  above 
200°C.9 

Effects  of  Reactor  Geometry 

The  shape  and  dimensions  of  the  reaction  chamber 
and  the  gas  lnlet/outlet  configuration  are  very 
critical  with  respect  to  thickness  uniformity  of 
the  film  deposits.  We  have  constructed  and  tested 
many  reaction  chambers  and  found  that  small  dif- 
ferences can  cause  gross  effects,  particularly  in 
single-rotation  reactors  where  a lesser  degree  of 
averaging  Is  attainable  than  In  planetary  units. 

Effects  of  Reaction  Chamber  Wall  Temperature 

The  reactor  wall,  if  hoc,  acts  as  a substrate  for 
both  glassy  and  powdery  gas  phase  reaction  products. 
Coding  the  reactor  parts  that  are  not  intended 
for  heating  the  subscratc  results  in  a decrease  of 
these  undesirable  coatings.  Cooling  also  suppresses 
homogeneous  gas  phase  nucleation,  which  is  the 
cause  of  the  powdery  deposits,  while  at  the  same 
time  promoting  desirable  heterogeneous  reactions 
leading  to  glassy  films.  As  a consequence, 
cleaner  film  deposits  form  and  the  deposition  rate 
increases  for  the  same  reactant  input.  This  means, 
in  eifect,  that  the  yield  of  glassy  product  can 
Increase  considerably,  since  the  input  of  expensive 
reactants  can  be  reduced  to  attain  the  same  deposi- 
tion rate  obtained  with  a hot-wall  reactor.  The 
composition  of  PSG  films  can  be  affected  by  this 
change,  requiring  readjustment  of  the  SiH^iPHj  ratio. 

Effects  of  Cleanliness  of  CVD  System  and  Purity 
of  Cases 

The  surface-catalyzed  free-radical  reaction  mechanism 
underlying  CVD  of  oxide  and  glass  films  is  quite 
sensitive  to  contaminants  on  the  substrate  surface 
and  in  the  gas  phase.  Particles  on  the  substrate 
wafer  (such  as  powder  from  scribing)  or  in  the  gas 
stream  (such  as  colloidal  oxides)  can  cause  micro- 
bubbles, pinholes,  and  ocher  localized  structural 
defects  in  the  glass  layer.  Excreme  cleanliness  is 
therefore  imperative.  As  already  noted,  particulate 
contamination  arises  very  often  during  CVD  because 
of  homogeneous  gas  phase  nucleation  reactions. 
Increasing  the  nitrogen  diluent  flow  rate  to  a 
practical  maximum  suppresses  this  reaction,  especially 
if  combined  with  cooling  of  the  reactor  wall.  Si02 
films  deposited  from  semiconductor-grade  Sid^  and 
0,  are  known  to  contain  some  sodium  that  may  delctcr- 
iously  affect  MOS  devices.  PSC  passivation  of  proper 
composition  is  capable  of  gettering  this  contaminant 
to  the  extent  that  instability  problems  are  eliminated. 
Nevertheless,  it  is  safest  to  employ  only  high-purity 
gases  and  to  ensure  removal  of  particulate  Impurities 
by  use  of  large-area  high-capacity  submicron  filters 
in  all  gas  lines. 


Effects  of  Substrate  Surface 

The  type  of  material,  the  cleanliness,  and  the  topo- 
graphic structure  - all  affect  the  quality  of  the 
CVD  films  with  respect  to  film  growth  and  the  presence 
or  absence  of  structural  defects.  The  quality  of 
adhesion  of  the  CVD  glass  to  a substrate  is  dependent 
upon  the  cleanliness  of  Che  surface  and  the  nature  of 
the  substrate  material.  Feeling  and  blistering  can 
be  avoided  by  observing  clean  processing  conditions, 
such  as  complete  removal  of  photoresist  residues 
and  chemical  adsorbates  after  photolithographic 
delineation  of  the  metallization  patterns.  Parti- 
culate contaminants  Left  on  the  surface  can  inhibit 
proper  nucleation  of  the  glass  film  leading  to 
structural  defects  such  as  pinholes  and  must  be 
removed  prior  to  CVD  processing.  Tne  relation  of 
film  coverage  and  topography  of  the  substrate 
surface  is  a specialized  topic  we  have  reviewed 
recently  in  detail.** 

Applicabi! itv  of  Results  to  Other  CVD  Reactor  Systems 

We  have  conducted  a limited  number  of  experiments 
with  ocher  types  of  reactor  systems,  including  several 
commercially  available  continuous  processing  units, 
to  examine  whether  the  experimental  results  presented 
m this  section  are  applicable  to  ocher  systems  as 
well.  We  found  chat  they  not  only  agree  in  principle, 
but  that  they  frequently  relate  on  a semiquanti tacive 
basis,  despite  the  remarkable  differences  in  geometry 
and  system  operation.  Nevertheless,  the  performance 
of  each  reactor  must  be  carefully  examined  and  adjusted 
to  attain  conditions  for  producing  films  of  specified 
properties. 

Post-Deposition  pensif ication  Treatments 

how  temperature  catalytic  denslflcation  using  water 
vapor  in  the  furnace  ambient  makes  it  possible  to 
improve  the  film  properties  Co  the  point  where  they 
approach  chose  of  the  bulk  glasses. 28  we  have  found 
that  under  suitable  conditions,  a substantial  degree 
of  denslflcation  can  be  attained  with  CVD  films  of  Si0?, 
P3G,  or  borosilicates  in  a period  of  several  hours  at  ' 
temperatures  as  low  as  400  to  450°C  without  damage  to 
the  aluminum  metallization.  Two  plots  of  denslflcation 
achieved  wich  PSG  films  are  presented  in  Fig.  3 as 
examples.  The  films  were  l-^m  thick  and  contained  3.8 
wc  *;  phosphorus  (equivalent  to  3.8  mol  % P,CL).  Iso- 
thermal etch  rates  were  used  as  the  measure  of  densifi- 
cation  effectiveness.  The  etch  races  decrease  with 
increasing  density  of  the  glass.  Measurements  were 
made  at  elapsed  times  from  90  seconds  to  100  hours. 
Figure  3 demonstrates  that  densifica tlon  of  PSG  films 
in  steam  for  one  hour  decreases  the  etch  rate  to  56 
percent  of  what  it  was  initially.  In  107.  11,-90%  N. 
that  was  passed  through  water  at  27°C,  the  etch  rate 
decreased  to  71  percent  in  one  hour.  For  comparison, 
denslflcation  at  800  C decreases  the  etch  rate  of  the 
same  PSG  to  28  percent  of  the  as-deposited  value  (longer 
heat  periods  at  800°C  have  no  significant  effect). 
Catalyzed  densification  of  PSC  films  at  low  temperature 
make  it  not  only  possible  to  Improve  the  general 
qualities  of  the  films  deposited  at  450°C,  but  also 
offers  the  option  of  conducting  CVD  processing  at 
temperatures  considerably  below  450°  and  at  very  high 
rates  of  growth  — conditions  not  recommended  for  films 
to  be  used  as-deposited.  Contrary  to  what  one  may 
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expect,  infrared  spectroscopy  has  shown  that  heating  tn 
steam  does  not  introduce  water  into  the  films. 
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CONCLUSIONS 

A considerable  variecy  of  CVD  reactor  systems  for 
preparing  SIO^  and  PSG  passivating  overcoats  is  now 
available.  We  have  categorized  and  described  the 
design,  operation,  and  capability  of  these  systems, 
which  encompass  designs  from  relatively  simple  to 
sophisticated  automated  concepts.  Even  though  the 
principle  of  operation  differs  greatly  for  various 
types  of  systems,  the  basic  CVD  parameters  under- 
lying oxide  and  glass  film  formation  by  gas  phase 
oxidation  of  the  hydrides  at  temperatures  below 
500  C is  in  principle,  and  often  semiquantitatively, 
applicable  to  a wide  variety  of  systems. 

The  most  critical  factors  determining  PSG  composi- 
tion and  film  quality  are  subscrate  temperature  of 
deposition,  oxygen-to-hydrlde  ratio,  and  silane- 
to-phosphine  ratio.  Experimental  results  have  been 
presented  to  demonstrate  che  interrelationship  of 
these  three  major  factors  and  their  effects  on  the 
deposition  rate  and  composition  of  PSG  films.  The 
mechanism  underlying  these  reactions  has  been  inter- 
preted on  che  basis  of  oxygen  retardation  of  silane 
oxidation.  These  factors  must  be  controlled  and 
optimized  for  a given  CVD  system  by  analysis  of  the 
film  product  obealned. 

The  CVD  process  should  be  directed  in  a fashion 
conducive  to  heterogeneous  gas  phase  nucleatlon  to 
produce  clear,  glassy  films  free  of  defects.  Homo- 
geneous gas  phase  reactions  produce  particulate 
contaminants  and  must  be  suppressed.  Even  though 
the  exact  reaction  mechanism  of  film  formation  is 
quite  complex,  and  is  influenced  by  many  variables, 
the  optimized  CVD  process  for  preparing  high-quality 
S10,  and  PSG  films  for  IC  overcoat  passivation  is 
well  suited  co  large-scale  production. 

The  feasibility  of  catalytically  accelerated  densi- 
fication  of  PSG  film  at  4S0°C  using  water  vapor  as 
catalyst  has  been  demonstrated  experimentally. 
Substantial  degrees  of  denslf icatlon  can  be  achieved, 
and  consequent  improvements  in  the  film  qualities 
can  be  expected. 
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Figure  2 

PSG  COMPOSITION  vs.  SUBSTRATE  DEPOSITION  TEMPERATURE 

The  curves  demonstrate  the  strong  dependence  of  PSG 
composition  on  the  substrate  temperature  during  CVD. 
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ETCH  RATES  OF  SiO  AND  PSG  FILMS  AS  A FUNCTION  OF 
DEPOSITION  CONDITIONS,  GLASS  COMPOSITION,  AND 
DENSIFICATION 
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Note  that  the  etch  rate  of  as-deposited  films 
depends  not  only  on  film  composition  but  also  on 
density  and  stress,  whereas  the  etch  rate  of 
densifted  films  is  a unique  function  of  composi- 
tion. With  increasing  7.  P the  curves  for  as- 
deposited  films  approach  the  curve  for  densified 
films,  Indicating  that  at  higher  phosphorus 
concentrations  a substantial  degree  of  densifl- 
cation  occurs  during  film  deposition. 


Figure  3 

etch  rate  of  psg  films  as  a function  of  heat  treat- 
ment CONDITIONS  AT  450°C 

The  decrease  in  etch  rate  represents  an  increase  in 
film  density  and  shows  chat  substantial  degrees  of 
densif Ication  can  be  achieved  at  450°C  in  the 
presence  of  water  vapor  as  catalyst. 
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APPENDIX  F 


ANALYTICAL  METHODS  FOR  DETERMINING  INTEGRITY,  LAYER  STRUCTURE 
AND  COMPOSITION  OF  GLASS  OVERCOATS  ON  ICs 

by 

W.  Kern 


A.  INTRODUCTION 

It  is  frequently  necessary  to  assess  the  quality  of  passivating  glass 
overcoats  on  both  MOS  or  bipolar  types  of  IC  pellets  for  the  purpose  of  in- 
house  quality  control,  reliability  testing,  or  evaluation  of  competitors’  prod- 
ucts. In  most  cases,  the  glass  overcoat  consists  of  SiO^,  pho3phorus-doped 
SiO^,  phosphosilicate  glass  (PSG) , or  a combination  of  these  layers  over  alu- 
minum-metallized ICs.  If  the  devices  are  encapsulated  in  epoxy  molding  com- 
pounds, exposure  of  the  pellet  without  damage  is  required  before  analysis  can 
be  made.  If  the  devices  are  contained  in  a hermetic  enclosure,  their  exposure 
is  readily  accomplished  by  mechanically  opening  the  container. 

Three  questions  must  usually  be  answered;  what  is  the 

(1)  integrity  of  the  glass  layer  (pinhole  density,  microcracks, 
blisters,  and  other  localized  defects)? 

(2)  layer  structure  (type,  sequence,  and  thickness  of  the  layers 
making  up  the  glass  coating)? 

(3)  chemical  composition  of  each  layer? 

From  the  results,  the  quality  of  the  glass  overcoat  can  be  assessed  and  the 
processing  sequence  inferred. 

We  have  devised  analytical  techniques  for  these  purposes  and  have  used  them 
with  good  results  during  the  past  year.  It  is  the  purpose  of  this  Appendix  to 
communicate  these  techniques  in  sufficient  detail  to  enable  others  to  apply  them 
also.  The  method  for  determining  thickness  and  composition  is  based  mainly  on 
selective  chemical  microetching  and  determination  of  the  etch  rate  from  which 
the  layer  structure  and  composition  can  be  obtained  by  use  of  calibration 
curves.  Two  etch  rate  techniques  have  been  developed  by  which  to  carry  out 
the  analysis.  The  first  technique  ("standard  technique")  is  applicable  to  the 
analysis  of  practically  all  types  of  SiC^/PSG  overcoat  structures,  and  is  very 
accurate  and  reliable;  but  it  is  laborious  because  it  requires  many  data  points 
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to  establish  a graph  of  etch  time  as  a function  of  overcoat  thickness  from 
which  the  component  thicknesses  and  compositions  are  determined.  The  second 
technique  ("simplified  technique")  is  far  less  complicated  and  is  faster  in 
that  it  requires  only  a pair  of  thickness  and  contour  measurements  by  Talysurf 
and  a total  etch  time  measurement.  However,  this  technique  works  only  if  the 
composite  layer  contour  is  defined  sharply  enough  by  the  etching  and  Talysurf 
tracing,  which  is  not  always  the  case.  Both  techniques  are  discussed  and 
compared  experimentally . 

B.  DETAILED  PROCEDURE  FOR  STANDARD  TECHNIQUE 

1.  Pellet  Decapsulation 

i.  Grind  down  the  entire  top  surface  of  the  plastic  package  on  a grinding 
wheel  as  close  to  the  pellet  as  possible  without  damaging  the  pellet.  Rinse 
with  acetone  and  air-dry. 

1 

ii.  Dissolve  the  epoxy  molding  compound  by  immersing  the  package  in 
white  fuming  nitric  acid  (90%)  at  90 °C  just  long  enough  (typically  20  to  40 
seconds)  to  remove  all  molding  compound  covering  the  pellet.  Observe  strict 
safety  precautions  (goggles,  rubber  gloves,  exhaust  hood).  Remove,  soak,  and 

j 

rinse  in  acetone,  and  inspect.  If  necessary,  repeat  etching  until  the  chip 

s 

surface  is  fully  exposed.  ; 

iii.  Dissolve  the  silicone  junction  coating  (if  present)  by  immersing  the 
completely  dried  sample  in  concentrated  (97%)  sulfuric  acid  heated  to  150°C 

i 

under  a stream  of  dry  nitrogen  (to  exclude  water  vapor)  until  the  device  pellet 
is  completely  freed  of  organic  materials;  this  may  require  extraction  periods 
of  typically  7 to  15  minutes.  Rinse  repeatedly  with  acetone,  blot  dry,  and 
inspect  after  6 to  7 minutes  of  extraction;  continue  acid  treatment  if  neces- 
sary. 

2.  Initial  Pellet  Inspection 

i.  Examine  the  pellet  under  a microscope  for  gross  visual  defects  and 
photograph  the  pellet  areas  of  special  interest  under  a microscope  for  later 
reference,  if  deemed  necessary. 

ii.  If  the  type  of  glass  used  as  the  overcoat  is  not  known,  a separate 
pellet  should  be  used  to  ascertain  the  elemental  composition.  In  nearly  all 
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cases,  layers  of  SIO^  and/or  PSG  are  present.  The  presence  of  phosphorus  can 
be  identified  rapidly  by  qualitative  electron  probe  microanalysis  of  the  glass 
over  large  aluminum  areas  and  over  large  dielectric  areas  between  bonding 
pads. 


3.  Dielectric  Integrity  Testing 

i.  Immerse  the  package  with  the  exposed  pellet  in  aluminum  etch  [40  vol 
Ii^PO^  (85%)  i 10  vol  ^0:4  vol  HNO^  (70%)]  for  twice  the  time  required  to  dissolve 
the  aluminum  in  the  bonding  pads  [F-l] . Etchant  temperature  should  be  50°  to 


ii.  Water-rinse  and  inspect  microscopically  for  pinholes,  microcracks, 
and  other  defects  in  the  glass  layer  over  aluminum.  Record  the  type  and  fre- 
quency of  defects. 

4.  Preparation  of  Glass  Taper 

i.  Place  the  aluminum-etched  pellet  under  a binocular  stereo-microscope 
and  partially  mask  pellet  with  wax.  Use  a 50%-solution  of  Apiezon  Hard  Wax  W 
in  trichlorethylene  and  apply  with  a fine  sable  paint  brush.  Cover  about  80 
to  90%  of  the  pellet,  leaving  only  one  corner  with  several  bonding  pad  areas 
exposed  (Fig.  F-l) . 

ii.  Under  a microscope  examine  in  perpendicular  white  light,  carefully 
noting  the  interference  color  of  the  oxide  in  the  bonding  pad  areas,  where  the 
aluminum  was  etched  away.  These  areas  are  usually  thermal  or  densified  Si02 
and  will  serve  as  reference  plane  in  all  subsequent  work. 

iii.  Etch  the  exposed  overcoat  layers  in  a solution  of  1 vol  HF  (49%)  + 4 
vol  H^O  until  the  interference  color  between  bonding  pads  is  the  same  as  that 
noted  initially  for  the  bonding  pads  before  this  etch  sequence.  The  glass 
etches  very  much  more  rapidly  than  the  dense  oxide  in  the  bonding  pad  areas, 
which  regions  therefore  change  color  only  slightly  during  this  glass  etching. 
Etch  in  a series  of  10-second  steps,  rinsing,  blowing  dry,  and  inspecting 


F-l.  W.  Kern,  "Detection  and  Characterization  of  Localized  Defects  in  Dielec- 
tric Films,"  RCA  Review  34,  655  (1973);  Solid  State  Technology  17,  No.  3, 
35  and  No.  4,  78  (1974). 

*J.  G.  Biddle  Co.,  Plymouth  Meeting,  PA  19462. 
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1C  PELLET 


Pi- 


Bonding  pad  oxide  area  for  taper  etching 
Area  stripped  of  glass 
Etched  PS6  taper  (narrow) 

Etched  Si02  top  layer  taper  (wide) 

Area  for  etch  rate  determination 

Bonding  pad  oxide  area  for  precision  etching 

Original  glassed  area 

Second  masking  for  precision  etching 


1 

2 

3 

4 

5 

6 

7 

8 


Figure  F-l,  Schematic  of  IC  pellet  for  glass  analysis  after 

preparation  of  glass  taper  for  precision  etching. 
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under  the  microscope  after  each  etch  step  so  as  not  to  overshoot  the  glass  re- 
moval end-point.  Additional  verification  of  the  end-point  is  the  beginning  of 
dissolution  of  the  aluminum  interconnections  as  they  become  exposed.  Total 
etch  time  is  typically  30  to  60  seconds,  depending  on  glass  thickness  and 
composition. 

iv.  Remove  the  wax  mask  in  warm  trichloroethylene  and  remask,  covering 
only  about  50  to  60%  with  wax  so  that  the  area  with  the  etched  glass  taper  is 
fully  exposed  (Fig.  F-l) . The. masked  half  of  the  pellet  is  reserved  for  a 
possible  repeat  analysis. 

5.  Precision  Etching  of  Overcoat  Layers 

i.  Measure  the  glass  thickness  by  using  the  taper  formed  down  to  the 
dense  oxide.  Select  an  unobstructed,  clear  area  of  a well-defined  taper  por- 
tion between  bonding  pads  for  this  and  all  subsequent  measurements.  A simple 
technique  requiring  only  a microscope  and  monochromatic  light  source  is  inter- 
ference fringe  counting.  Count  the  number  of  complete  and  partial  dark  contour 
fringes  of  the  glass  taper,  including  the  top  surface  of  the  taper.  This  can 
be  done  quickly  after  brief  training;  a magnification  of  200X  or  500X  is  con- 
venient. Be  sure  to  count  any  partial  top  fringe  (separated  from  the  last 
complete  fringe  by  a light  fringe)  by  estimating  the  shade  of  darkness.  A 
good  description  of  the  technique  of  fringe  reading  has  been  given  by  Booker 
and  Benjamin  [ F— 2 ] . 

ii.  Immerse  the  masked  device  in  P-etch  [15  vol  KF  (49%),  300  vol  H^O, 
and  10  vol  HNO^  (70%)]  maintained  at  25°C  (constant  temperature  bath)  for  60 
seconds.  Rinse  and  dry.  Remeasure  the  thickness  of  the  etched  glass  layer. 

iii.  Repeat  step  ii.  above  several  times,  using  shorter  etch  periods  of 
40  to  10  seconds  as  seen  in  the  example  in  Fig.  F-2.  Continue  until  the  glass 
is  completely  removed;  oxide  color  is  now  the  same  as  was  noted  under  bonding 
pads  before  glass  etching. 


F-2,  G.  1.  Booker  and  C.  E.  Benjamin,  "Measurement  of  Thickness  and  Refractive 
Index  of  Oxide  Films  on  Silicon,"  J,  Electrochem,  Soc.  109 , 557  (1968). 
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Example  of  Calculations: 

Top  Layer 

Net  Fringes: 
Thickness: 

Net  Etch  Time: 

Etch  Rate: 

Layer  Type: 

Bottom  Layer 

Net  Fringes: 
Thickness: 

Net  Etch  Time: 

Etch  Rate: 

Layer  Type: 
Composition: 


3.0  F - 2.25  F = 0.75  F 
0.75  F x 1880  A/F  = 1410  A 
90  sec 

1410  A/90  sec  = Ifi  A/sec 
undensified  SiO« 


2.25  F -0  F = 2.25  F 
2.25  F x 1920  A/F  = 4300  A 
180  sec  - 90  sec  = 90  sec 
4300  A/90  sec  = 48  A/sec 
CVD  PSG  (undensified) 

3.3  wt  % P (from  calibration  curve) 


Figure  F-2.  Determination  of  layer  thicknesses,  types,  and 
composition  from  etching  and  fringe  count  data 


6.  Determination  of  Layer  Thicknesses,  Layer  Types,  and  PSG  Composition 

i.  Plot  the  fringe  counts  versus  etch  time  and  draw  straight  lines  of 
best  fit  through  the  points,  as  shown  in  Fig.  F-2,  which  is  an  example  of  an 
actual  analysis. 

ii.  Two  lines  of  different  slope  indicate  the  presence  of  two  different 
layers,  such  as  SiC>2  over  PSG.  Determine  the  net  thickness  and  net  etch  time 
of  each  from  the  intercept,  and  calculate  the  etch  rates  (8/sec)  as  shewn  in 
the  example  in  Fig.  F-2. 

iii.  Use  the  calibration  curve  for  undensified  PSG  presented  in  Fig.  41 
of  Section  VIII  to  relate  the  PSG  glass  etch  rate  to  the  phosphorus  concentra- 
tion. 

iv.  More  accurate  values  can  be  obtained  if  the  passivation  glass  is  den- 
sified  and  the  calibration  curve  for  densified  SiO^  and  PSG  is  used,  since  the 
etch  rate  of  the  undensified  films  is  influenced  to  some  extent  by  the  CVD 
conditions  used  to  prepare  the  overcoat  layers.  To  achieve  this,  the  isolated 
device  pellet  is  heat-treated  at  800°C  in  nitrogen  for  15  minutes  before  the 
etch  analysis  is  performed.  The  corresponding  calibration  curve  for  densified 
layers  is  then  used  to  determine  the  composition. 

v.  The  thermal  SiC^  thickness  underneath  the  aluminum  metallization  can 
be  measured  readily  by  repeating  procedure  4,  but  using  undiluted  HF  (49%)  for 
the  etching  down  to  the  silicon  substrate  surface.  A taper  contour  as  shown 
in  Fig.  F-3  will  result.  The  SiO?  film  thickness  can  be  readily  determined 
from  the  fringe  count  by  using  a refractive  index  value  of  1.48. 

C.  PROCEDURE  FOR  SIMPLIFIED  TECHNIQUE 


1.  Pellet  Preparation 

Decapsulation,  initial  inspection,  and  dielectric  integrity  testing  are 
performed  as  outlined  in  B.  1-3. 

*Tho  number  of  fringes  (r)  is  related  to  film  thickness  (d>  by  the  well-known 
relationship,  d = rA/2n,  where  n is  the  refractive  index  of  the  layer  and  A is 
the  wavelength  of  the  monochromatic  light  used.  Filtered  mercury  green  light 
has  a wavelength  of  5461  X;  filtered  sodium  yellow  light  has  one  of  5890  8. 
Undensified  CVD  Si02  has  a refractive  index  of  typically  1.45,  PSG  one  of  typi- 
cally 1.42.  For  mercury  light,  one  contour  fringe  therefore  corresponds  to 
approximately  1880-8  Si02  or  to  1920-8  PSG;  for  sodium  light  the  values  are 
2030-8  SiOj  and  2070-8  PSG  per  fringe. 
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3.7  FRINGES 
CVD  OVERCOAT 
= 7000A 


6.0  FRINGES  DENSE 
Si02  = ll,IOOA 


DENSIFIED  Si02 


SILICON:/;-;" 


-"‘ll  '•  ■■  — M*‘- 


PSG  LAYER - 
Si02  CAP 


Top:  Interference  fringes  of  the  taper  contour  shown 

below,  as  seen  perpendicular  to  the  surface  in 
monochromatic  light. 

Bottom:  Schematic  cross  section  of  taper  contour:  vertical 

dimensions  to  scale;  horizontal  dimension  compressed 
approximately  15  times. 


Figure  F-3.  HF-etched  dielectric  layer  structure  of  a 
typical  IC  with  overcoat. 


2.  Step  Etching  and  Profilometry 

i.  Mask  one-half  or  the  IC  pellet  with  Apiezon  Hard  Wax  H. 

ii.  Determine  total  etching  time  (t)  for  P-etch  at  25 °C  to  remove  the 
overcoat  CVD  layers  using  the  oxide  color  under  the  aluminum  bond  pad  areas  as 
end-point. 

iii.  Dissolve  the  wax  in  trichloroethylene. 

iv.  Obtain  a Talysurf  trace  across  the  etched  step  (20,000X  vertical  and 

at  least  100X  horizontal  magnification).  It  is  best  to  position  the  stylus  in 
the  area  between  the  bond  pads  and  the  edge  of  the  delineated  IC  pattern.  Re- 
peat the  trace  on  the  opposite  side  of  the  pellet . 

v.  Read  the  average  film  thicknesses  (D)  of  SiO^  and  PSG  from  the  traces 

at  the  intercept  of  the  curves  where  the  slope  changes,  as  shown  in  Fig.  F-4. 


INTERCEPT 


PSG 


DENSE  SIO/ 


Figure  F-4.  Schematic  cross  section  of  typical  CVD  overcoat 
layers  after  step  etching  for  profilometry. 


3.  Calculations 


Calculate  the  PSG  etch  rate  (Rpgg)  from  Eq.  (F-l) : 


PSG 

RpsG  ‘ ' - <DSi02/16> ' 

where  R = etch  rate  (8/sec) , 

D = film  thickness  (8) , 

t = etch  time  (sec) , 

Si02  = silane  oxide  top  layer  (Rg^  = 16  8/sec),  and 
PSG  = phosphosilicate  glass  layer. 


(F-l) 
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ii.  Using  the  calculated  value  RpSQ>  read  off  wt  % phosphorus  from  cali- 
bration curve  (X/sec  vs.  wt  % P)  presented  in  Fig.  41  of  Section  VIII. 

4.  Precision 

The  results  of  repeatability  tests  of  thickness  measurements  are  presented 
in  Table  F-l.  A reproduction  of  three  typical  Talysurf  step-traces  is  shown 
in  Fig.  F-5. 

5.  Optional  Measurements  of  Dense  Oxide  and  Aluminum  Thickness 

The  thickness  of  the  dense,  thermal  Si02  layer  beneath  the  glass  passi- 
vation overcoat  can  be  readily  determined  from  the  same  Talysurf  traces  by 
measuring  the  thickness  difference  between  the  total  dielectric  layer  thick- 
ness above  the  silicon  plane  (grid  line)  and  the  step-erched  overcoat  thick- 
ness. If  desired,  the  thickness  of  the  aluminum  metallization  can  be  meas- 
ured from  an  additional  trace  across  glassed  interconnect  lines.  See  Fig. 


D.  COMPARISON  OF  TECHNIQUES 

The  results  of  a comparison  between  the  two  techniques  using  PSG/SiO^ 
layer  structures  on  silicon  substrate  wafers  are  presented  in  Table  F-2. 
Results  comparing  the  techniques  in  actual  IC  analysis  are  given  in  Table  F-3. 
The  agreement  can  be  seen  to  be  satisfactory. 


E.  APPLICATIONS 

A variety  of  commercially  available  and  normally  operating  ICs  from 
several  different  suppliers  was  selected  for  this  comparative  analysis.  The 
integrity,  layer  structure,  and  composition  of  the  overcoat  layers  were  ana- 
lyzed as  described  using  the  "standard"  technique.  In  most  cases  two  to  six 
individual  devices  of  a given  passivation  type  were  analyzed  to  derive  the 
average  values  summarized  in  Table  F-4.  The  column  headings  of  this  table  are 
defined  as  follows : 

(1)  "Passivation  type"  refers  to  a given  type  of  passivating  overcoat, 

regardless  of  type  of  IC.  Suppliers  may  use  several  types  of  passi- 
vating overcoats  for  different  ICs.  or  for  the  same  ICs  of  different 
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Table  F-l.  Repeatability  of  Talysurf  Double-Layer-Thickness  Measurements 
and  Examples  of  Simplified  Method  Using  PSG/SiC>2  Double  Layers  on  Silicon 


PSG 

Bottom 

(R) 


P-Etch  Time  (sec)  PSG  Etch  wt  % P Mol 


Total  SiO„ 


(dif f .) 


Rate 

(R/see) 


2930  av.  “600  av. 


317  183 


2900  av.  5000  av. 


328  181 


. J5 


V|| 
. m 


2700 

3000 

3400 

3030  av. 


4200 

4000 

4000 

4070  av. 


258  190 


2830  av.  4000  av. 


254  177 


1150  av.  5800  av. 


X! 


Aw F-l  2300 

2200 


2200  av.  4730  av. 


165  138 


Total  film  thicknesses  were  also  measured  by  contour  fringe  interfer- 
ometry. The  values  were  within  3 % of  those  obtained  by  Talysurf 
averaged  measurements. 

A good  description  of  Talysurf  measuring  techniques  and  of  stylus 
techniques  in  general  has  been  recently  published  [F-3]. 


F-3.  D.  J.  Whitehouse,  "Stylus  Techniques,"  in  Charaaterization  of  Solid 

Surfaces,  P.  F.  Kane  and  G.  B.  Larrabee,  Eds.,  (Plenum  Press,  New  York, 
1974),  pp.  49-74. 
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Table  F-2.  Comparison  of  Results  Obtained  by 
Standard  (Long)*  and  Simplified 
(Short)**  Methods  of  Analysis  for 
PSG/Si02  Layer  Structures 


Sample 

No. 

Analysis 

Method 

Layer 

SiO?  PSG 

(X)“  (&) 

Phosphorus 
in  PSG 
(wt  %) 

F 

Long 

1900 

4610 

4.1 

Short 

1600 

4300 

3.7 

G 

Long 

2185 

4510 

4.0 

Short 

1800 

4350 

3.7 

H 

Long 

1900 

4220 

4.6 

Short 

2000 

3550 

4.0 

*Data  based  on  curves  from  7 to  8 separate  pairs 
of  measurements  of  etch  time  and  residual  film 
thickness  by  fringe  counting. 

**Data  based  on  single  etch  time  and  2 to  3 Talysurf 
thickness  traces . 


Table  F-3.  Comparison  of  Results  Obtained  by  Standard 
(Long)*  and  Simplified  (Short)**  Methods  of 
Analysis  for  PSG/Si02  Structures  on  IC  Chips 


IC  Pellet 
Analysis  No. 

Analysis 

Method 

Layer 
SiOo  PSG 

(%)  d) 

Etch 
Rate 
dl  sec) 

Phosphor1 
in  PSG 
(wt  %) 

1. 

Long 

1425 

4300 

48 

3.3 

Short 

1500 

3500 

41 

2.8 

2. 

Long 

2660 

4610 

51 

3.5 

Short 

2670 

4000 

72 

4.6 

3. 

Long 

4750 

0 

16+ 

0 

Short 

5100 

0 

17+ 

0 

4. 

Long 

4180 

4400 

42 

3.0 

Short 

4000 

4000 

44 

3.2 

*Data  based  on 

curves  from  8 to  1 

7 pairs  of  measurements  of 

etch  time  and 

residual 

film  th: 

.Kness 

by  fringe  counting. 

**Data  based  on  single  etch  time  and  2 to  3 Talysurf  thickness 
traces. 

tSi02,  etch  rate. 


I 


.311 


Manufac- 

turer 

Code 


Table  F- 

Passiva- 

tion 

Type(l) 

>4.  Comparative  Analysis  of 

Pinholes  in  Si02  Top 

Overcoat, (2)  Layer 

# per  pellet  Thickness 

d) 

IC  Glass  Overcoats 
PSG 

Layer  Com 

Thickness  wt  % 

(X) 

Layer  (3) 
position' 

P mol  % 

P2O5 

A-l 

0 - many 

7,500 

* 

0 * 

0 * 

7,500 

9.7 

10.8 

B-l 

0-4 

0 

7,700 

7.8 

8.5 

B-2 

6 - many 

0 

7,750 

4.2 

4.3 

B-3 

40 

<1,000 

0 

0 

5,500 

1.9 

1.9 

C-l 

many 

4,750 

0 

0 

0 

C-2 

0 - many 

1,840 

0 

0 

4,385 

3.3 

3.4 

C-3 

2 

1,280 

0 

0 

5,880 

2.8 

2.8 

C-4 

20  - many 

4,180 

0 

0 

4,400 

2.9 

2.9 

D-l 

0 

2,000 

0 

0 

12,000 

3.8 

3.8 

E-l 

15 

13,000 

0 

0 

0 

See  (1) 

- (3)  under  E 

(p.  230)  for 

explanation 

of  column  headings 

E 

Notes : 


*This  PSG  layer  is  underneath  the  aluminum  metallization.  The  glass  is 
in  a densified  state  as  it  had  been  heated  to  fusion  temperature  to 
produce  a gradually  tapered  slope.  Etch  rate  analysis  was  based  on 
PSG  standards  fused  at  1000 °C  for  1 hour  in  N^. 


manufacturing  dates.  The  grand  average  for  a given  supplier's 
product  would  not  be  meaningful  because  of  the  wide  spread  in  the 
data  due  to  the  existing  variations  of  overcoat  systems.  Averages 
were  therefore  taken  only  for  groups  of  ICs  whose  passivating  over- 
coats had  closely  similar  characteristics. 

(2)  "Pinholes  in  overcoat"  refers  to  those  over  the  aluminum  metalliza- 
tion only.  They  were  made  visible  by  immersing  the  devices  in  hot 
aluminum  etch.  A density  greater  than  50  pinholes  per  pellet  is 
defined  as  "many". 

(3)  "Layer  composition"  was  determined  by  the  "standard"  etch  rate 
analytical  method.  Electron  probe  microanalysis  with  PSG  standards 
was  employed  in  some  cases  for  preliminary  measurements. 


F.  CONCLUSIONS 

A method  has  been  devised  to  determine  the  quality  of  passivation  overcoat 
layers  deposited  over  aluminum-metallized  ICs.  The  method  assesses  the  chemi- 
cal composition,  the  component  layer  structure,  and  the  integrity  of  the  dielec- 
tric overcoat  in  terms  of  the  number  of  defects  such  as  pinholes  and  micro- 
cracks over  the  aluminum  metallization.  The  method  is  applicable  for  analyz- 
ing single-  and  multilayer  structures  of  both  Si09  and  PSG. 

Two  techniques  for  determining  layer  thickness  and  composition  have  been 
developed  and  applied.  In  the  "standard"  or  "long"  technique  the  types  and 
thicknesses  of  combination  layers  are  determined  from  graphical  plots  of  dif- 
ferential etch  rates.  The  phosphorus  contents  in  PSG  layers  are  determined 
graphically  from  plots  of  isothermal  etch  rate  by  means  of  a standard  calibra- 
tion curve.  This  technique  is  precise,  accurate,  and  reliable,  but  time- 
consuming  to  perform.  It  can  and  has  been  applied  for  analyzing  more  complex 
structures,  such  as  triple-layer  structures  and  the  composition  of  primary  pas- 
sivation layers  underneath  the  metallization. 

The  "simplified"  or  "short"  technique  is  less  accurate  but  is  fast.  The 
Talysurf  profiles  at  20,000X  vertical  and  1Q0X  horizontal  magnifications  are 
adequate,  if  done  with  great  care  and  read  out  under  a magnifying  glass,  for 
resolving  typical  PSG/SiC^  overcoat  layer  thicknesses.  The  repeatability 
(precision)  of  the  profilometric  technique  is  good;  variations  for  single  film 
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thicknesses  are  generally  well  within  +10%.  The  etch  time  determination  is 
precise  to  within  a few  percent.  For  layers  on  silicon  substrates,  the  final 
values  in  terms  of  wt  % phosphorus  were  about  10%  lower  than  that  by  the  longer 
method.  The  film  thicknesses  were  also  similarly  lower  (Table  F-l) . For  IC 
pellets,  the  results  obtained  were  within  +25%  of  those  obtained  by  the  longer 
method  (Table  F-2) . It  can  be  concluded  that  the  simplified  fast  method  is 
adequate  for  some  applications  where  lower  precision  (+25%)  is  acceptable.  The 
time  savings  are  considerable,  and  the  procedure  is  not  tedious.  The  thick- 
ness of  the  densified  SiO^  layer  beneath  the  glass  passivation  overcoat  can 
be  determined  by  difference  from  the  same  Talysurf  traces. 

The  method  has  been  successfully  applied  to  the  analysis  of  commercial 
ICs  from  various  manufacturers.  The  conclusions  that  can  be  derived  from  this 
limited  number  of  representative  devices  shows  that  a wide  variation  of  layer 
combinations,  layer  thicknesses,  and  PSG  compositions  exists,  not  only  from  one 
manufacturer  to  another,  but  also  within  the  products  of  a given  manufacturer. 
The  same  holds  for  the  pinhole  density,  which  ranges  from  zero  to  many  per 
device  pellet.  All  ICs  evaluated  were  plastic-encapsulated  types.  No  micro- 
cracks were  found  in  any  of  the  devices  tested,  probably  because  none  of  the 
devices  had  undergone  high-temperature  heat  treatments  subsequent  to  CVD 
glassing,  which  is  usually  needed  only  for  hermetic  types.  Hermetically 
sealed  ICs  should  be  included  in  future  comparative  studies  of  glass  passiva- 
tion. It  is  apparent  that,  when  the  devices  were  fabricated,  manufacturers  of 
ICs  lacked  either  the  necessary  knowledge  to  decide  what  properties  of  the 
overcoat  passivation  should  be  specified  and  employed,  or  the  process  control 
techniques  for  effectively  monitoring  of  the  CVD  processes,  or  both.  Process 
design  engineers  have  only  recently  begun  to  realize  the  Importance  of  these 
matters  in  achieving  a consistently  high  degree  of  product  reliability. 


